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PUBLICATION DISSERTATION OPTION 
This dissertation was prepared in the style utilized by the Journal of the 
American Ceramic Society.  The introduction and literature review present 
pertinent background on the thin-strip casting of steel, focusing on application of 
BN-based and ZrO2-C refractories in the process.  Paper one (page 47-78) have 
been published in International Journal of Applied Ceramic Technology under the 
title “Interaction of BN-ZrO2-SiC Ceramics with Inclusions in Si-Killed Steel.”  
Paper two (page 79-110) have been published in Journal of American Ceramic 
Society under the title “Kinetics of Corrosion of BN-ZrO2-SiC Ceramics in Contact 
with Si-Killed Steel.”  Paper three (page 111-137) will be submitted for publication 
in the Journal of American Ceramic Society under the title “Corrosion Mechanism 
of BN-ZrO2 and BN-ZrO2-SiC Composites in Liquid Steel.”  Paper four (page 138-
155) have been published in China Refractories Journal under the title “Behavior 






The focus of this research was to investigate the corrosion behavior of 
BN-based and ZrO2-C refractories by molten steel.  These refractories are used 
as side-dam and core-nozzle in the thin-strip casting of steel. The improvement 
and development of these refractory components will increase the process 
efficiency by prolonging the refractory service life. 
 The first part of this study focused on interaction of BN-ZrO2-SiC side-
dams with steel-inclusion system in a laboratory setup under argon gas 
environment.  It was observed that corrosion of this ceramic was severe in 
contact with steel compared to slag/inclusion. 
 The second part of this study shows the results of corrosion behavior of 
BN-ZrO2-SiC against molten steel under nitrogen gas environment. The corrosion 
behavior was studied using isothermal corrosion test with different surface area 
to volume ratios for steel and refractory.  The corrosion process involved 
dissolution of BN and SiC and removal of ZrO2.  
In the third part, a comparative study was conducted to identify the 
corrosion mechanism of BN-ZrO2 and BN-ZrO2-SiC by molten steel in nitrogen 
environment.  The degradation process begins with oxidation of BN(s) and SiC(s) 
at temperature above 1400ºC followed by direct dissolution of solids in molten 
steel and gas transport due to volatilization of BN(s) and SiC(s).   
In the fourth part, industrial ZrO2-C core-nozzles were investigated to understand 
their corrosion behavior. The corrosion process involved oxidation of carbon and 
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 SECTION I: INTRODUCTION 
 
The intent of this dissertation is to investigate the ceramic materials which 
are used to deliver the molten steel to the rolls in the thin-strip casting process.  
These refractory components are referred as core-nozzles and side-dams.  The 
thermal, mechanical, and chemical demands on these components limit the 
selection of refractory materials.  The improvement and development of these 
refractory components requires an in-depth understanding of their application in 
the process.  
 
1. BACKGROUND 
In 1857, Sir Henry Bessemer, patented the fundamental idea of twin-roll 
casting of metals.1  In this process, a pair of water-cooled rolls is utilized to 
produce thin-gauge strip directly from the molten state. This process eliminates 
the intermediate processing steps which were used to produce a slab first and 
then roll it to strip.  However, there were several problems associated with steel 
strip casting, including control of fluid flow and metal distribution between the 
rolls, refractory wear, physical properties of the as-cast strip, edge containment 
and surface quality.1  Figure 1.1 shows the original conception of Bessemer’s 
twin-roll casting process.  The technology available in 1850’s was insufficient for 




Figure 1.1. Henry Bessemer's original drawing of twin-roll casting1 
 
Attempts have been made to cast thin strip using Bessemer’s original 
concept.  In1890, Edwin Norton managed to cast strip of 3-5 mm thickness.1  In 
1920, Clarence W. Hazelett, built commercial twin-roll casting units to produce 
lead, brass, and aluminum strip.  These casters were more rigid than Bessemer’s 
original design and strips of thickness up to 2 mm were viable.  Similar attempts 
were made by other researchers but still there was need to address the host of 
problems plaguing twin- roll casting before it could be commercialized.1  
In 1988, BHP Steel of Australia and IHI of Japan, started in collaboration 
to build a commercial unit of twin-roll strip casting of steel.2  In 1993, they 
constructed a full-scale demonstration plant in Port Kembla, Australia to establish 
the feasibility of carbon-steel strip casting.  Nucor Corporation joined BHP and 
IHI to build a thin-strip casting unit in the USA coined “CASTRIP” and the world’s 
first castrip facility was commissioned in 2002 at Crawfordsville, Indiana.2  
 
 3 
The Castrip Process 
The Castrip process utilizes two counter rotating water-cooled copper rolls 
to produce steel-strip of thickness less than 2 mm.  A refractory core-nozzle is 
positioned between the casting rolls to distribute the molten steel to the pool.  
Side-dam refractories are positioned at the end of rolls to provide edge-sealing to 




Figure 1.2. Schematic of refractory components in melt pool with copper rolls2 
 
Similar to traditional casting, the Castrip process begins with a ladle of 
steel above the tundish.  Both the ladle and tundish are identical to those utilized 
in conventional casting operations.  Below the tundish, a transition piece is used 
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to minimize the ferrostatic head pressure of the liquid metal and control the 
distribution of metal flow across the casting rolls.  From the transition piece, the 
liquid metal flows to the core-nozzle which sits between the casting rolls, 
immersed in the metal pool, and delivers liquid metal to the metal pool.  When 
liquid metal comes into contact with the rolls, solidification begins, and continues 
as the rolls rotate downward.  Initially, two individual steel shells are formed, one 
on each roll and then the shells form a continuous sheet when they are brought 
together at the roll nip.3-6  This steel strip is guided through the pinch rolls to the 
hot rolling strand where the strip is reduced to the desired thickness of 0.7 to 2 
mm.  Figure 1.3 shows the schematic of the Castrip process.  
 
 
Figure 1.3. Schematic of the Castrip process2 
 
In order to prevent oxidation during the process, a reducing atmosphere is 
provided through the use of a “hot box” which contains the strip until entering into 
the hot rolling strand (Figure 1.3).  After the hot rolling strand, water-spray 
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cooling is used to reduce the temperature of strip until it is suitable for coiling.  At 
the end, two coilers are used for the continuous operation of the casting process. 
After the casting operation, coils are cooled for 24 to 48 hours and then 
transferred to finishing operations. 
The Castrip process has many advantages over conventional casting and 
rolling technologies.  These include lower capital cost, simpler and more flexible 
operation, and more tolerance to high residual scrap feed.6  A comparison of 
processing steps involved in Castrip process vesus conventional strip production 
routes was made by Sosinsky et al.6 and is summarized in Figure 1.4.  
 
 
Figure 1.4. Processing steps involved in strip production via conventional 
hot/cold rolling and Castrip process routes 
 
 
As shown in Figure 1.4, Castrip process eliminates a number of immediate 
processing steps, which reduces the energy consumption (~ 80% less energy 
consumption compared to traditional casting processes), and lowers the 





2. SIDE-DAM REFRACTORY 
The purpose of the side-dam material is to resist wear and corrosion by 
the melt pool while providing an edge seal on the pool.  During the operation, 
these refractory side-dams are subjected to mechanical stress by pressing 
against the rolls; corrosion by contact with liquid steel; wear by contact with the 
copper rolls and solidifying steel; and suffer from thermal shock by initial contact 
with liquid steel.7  Figure 1.5 shows a schematic of the side-dam in the thin-strip 
casting process.  
 
 




Nitride-based ceramics are often considered for this application.  Some of 
the materials include AlN-BN, AlON-BN, SiC-BN, Al2O3-BN, Mullite-BN, TiN-BN, 
SiAlON-BN, SiAlON-ZrO2-BN, ZrO2-BN and ZrO2-SiC-BN.7-11  This work 
focusses on application of boron nitride (BN)-based composite material with 
zirconia (ZrO2) and silicon-carbide (SiC) additions.  BN-ZrO2-SiC composite 
material combines the non-wetting property of boron nitride with the excellent 
refractoriness and strength of zirconia and high wear resistance of silicon 
carbide. 
 
2.1. Structure and Properties of Boron Nitride  
Boron nitride is chemical compound consisting of a one to one ratio of boron 
to nitrogen atoms.  The elements boron and nitrogen are both neighbors to 
carbon in the periodic table, and BN is isostructural to the polymorphs of 
carbon.12  Table 1.1 reports the various crystalline structures of boron nitride. 
 
Table 1.1. Crystalline forms of boron nitride12 
Form Structure Theoretical density 
(g/cm3) 
h-BN Hexagonal modification with layered 
structure similar to graphite 
2.27 
c-BN High pressure diamond-like 
modification with cubic zinc blende 
structure 
3.48 
w-BN Dense hexagonal structure with 





The hexagonal form (h-BN) which is similar to graphite and also known as 
“white graphite”  “is the most stable and softest among BN polymorphs” (Mohs 
hardness of h-BN is 1-2 compared to 9.5-10 for c-BN and close to 10 for w-BN).12  
It is a versatile material which can be used in powder form, suspensions and 
coatings, or in its sintered form either as pure BN or as a composite.7,13  The 
crystal structure of h-BN consists of a network of (BN)3 rings forming thin parallel 
planes as shown in Figure 1.6.13  Atoms of boron (B) and nitrogen (N) are 
covalently bonded with a bond angle of 120°.  This covalent bonding of boron 








 The planes in h-BN are bonded by weak Van der Waals forces, which 
allow sliding movement of the parallel planes against each other.  This property 
makes h-BN a suitable material to be used as solid side-dams.7,13 
h-BN has a wide variety of applications due to its unique combination of 
properties including low density (2.27 g/cm3, theoretical density), high 
temperature stability (melting point ~ 2600°C), chemical inertness (corrosion 
resistance against acids and molten metals), thermal stability (up to 1000°C in 
air, 2200°C in argon and 2800°C in N2), excellent thermal shock resistance, easy 
machinability and high thermal conductivity.12   
 
2.2. Preparation of Boron Nitride Sintered Components 
BN-sintered parts are produced by pressure assisted sintering which can 
be axial hot-pressing (HP) or hot isostatic pressing (HIP) of fine powders.15,16  
The boron-oxygen compounds (eg. B2O3 or B2O3+CaO) are used as sintering 
aids.  The densification mechanism can be described as vitreous sintering.7  The 
hot pressing is performed in a graphite mold under vertical die pressure at 
temperatures up to 2000°C; while, in the case of hot isostatic pressing, less 
sintering aid can be used in a vacuum tight casing at temperatures between 
1200°C to 1500°C due to application of higher pressure (up to 300 MPa) and 
forces from all directions.12  Using these techniques, sintered components having 
density of at least 95% of the theoretical density and free boric oxide less than 1 
wt. % are possible.16   
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The manufacturing process route for h-BN composites with ZrO2 and SiC 
as “secondary” phases is shown in Figure 1.7.  h-BN powder along with other 
components (such as ZrO2, SiC) are mixed uniformly, and suitable sintering aid 
(eg. B2O3, SiO2, B2O3+CaO, B2O3+SiO2) is added.  The mixture is adjusted for 
spray dried use, and then it is molded by pressing.  Molded bodies, after being 
sintered at 1700-1900°C (under N2 gas atmosphere) are further cut, and lathed 









2.3. Properties and Applications of Boron Nitride Components 
Typical properties of hot pressed h-BN were reported by Lipp et al.12 and 
are summarized in Table 1.2.  It has been observed that the chemical and 
physical properties of axial hot-pressed BN depend on the nature and amount of 
additives used for densification (up to 6 wt. % B2O3, metal borates etc.).12 
Moreover, the thermal and mechanical properties vary relative to hot pressing 
direction.  In contrast, with hot isostatic pressing, dense and pure h-BN shapes 
without texture (isotropic) can be obtained.16  The chemical compatibility of boron 
nitride with other ceramic materials makes it possible to combine it with most 
other ceramics in order to produce mixed ceramic composites (such as SiC-BN, 
ZrO2-BN etc.) of desired properties.12  
 
Table 1.2. Physical properties of hot pressed h-BN. The mechanical and thermal 
properties of hot-pressed BN are anisotropic (perpendicular (┴) and parallel (ll) to 























































Hexagonal BN is the most widely used polymorph.  It has wide range of 
applications in various fields of chemistry, metallurgy, high-temperature 
technology, electro-technology, and electronics.  Examples of h-BN hot-pressed 
shapes include insulators for high temperature furnaces7, protective tubes and 
insulating sleeves for thermocouples18, break rings for horizontal continuous 
casting of steel19, and pyrolytic boron nitride crucibles20.  
 
2.4. BN-based ZrO2-SiC Composites 
Due to its unique combination of properties, h-BN is considered to be a 
potential refractory material for use in the steel industry.  However, there are 
some intrinsic disadvantages of BN-based composites, such as low mechanical 
properties (Hardness 1-2 on Mohs scale and Bulk modulus 36.5 GPa) and poor 
corrosion resistance against molten steel.9,11,21  As mentioned earlier, pure BN-
based composites are densified by hot-pressing at temperature higher than 
1800°C.  Some low-melting point sintering additives are added for rapid 
densification.12  Any residual liquid phase is easily dissolved when in contact with 
molten steel thereby generating pores in the matrix.  Through these pores, liquid 
metal infiltrates and the corrosion resistance of BN-based ceramics decreases. 
To overcome these problems, various materials are added as a 
“secondary” phases to BN-based composites.12,19,22,23  Zirconia is one of the 
common “secondary” phases used in BN-based composites.7,13  BN-based 
ceramics containing monoclinic zirconia are a commonly used side-dam 
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material.7,8,13  The addition of ZrO2 as a second dispersed phase into a BN-based 
composite improves mechanical properties and wear resistance.23,24 
In addition, ZrO2 improves the corrosion resistance of BN-based ceramics 
against molten steel and slag.25-28  However, the mismatch of thermal expansion 
coefficients (CTE) between BN and ZrO2 causes the possibility of failure of BN-
ZrO2 composites.29  The addition of a compound with low CTE such as SiC into 
BN-ZrO2 ceramics reduces the negative effect of the thermal expansion 
mismatch and also improves the mechanical properties of the composite.30-32  
The CTE of these components are reported in Table 1.3.   Therefore, the addition 
of ZrO2 and SiC as “secondary” dispersed phases in BN-based ceramic has been 
shown to improve its properties for application the steel industry. 
 
Table 1.3. Coefficient of thermal expansion of refractory components 
(perpendicular (┴) and parallel (ll) to pressing axis)32-35 
 
Component CTE [x10-06/°C] 
h-BN 2.9 (┴) and 40.5 (ll) 
ZrO2 10.1 
SiC 4.46 (┴) and 4.16(ll) 
 
 
Although, addition of ZrO2 into the BN-based ceramic improves the 
mechanical properties and corrosion resistance, it will reduces the thermal shock 
resistance of the composite due to its high thermal expansion coefficient 
(~10.1x10-06/°C) and low thermal conductivity (~1.8-2.2 W/m.K).32  Thermal 
shock resistance is a major design consideration for side-dam materials because 
of the possibility of damage when the liquid steel makes initial contact.7,13  Also, 
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the environment at the back of the side-dam is very different compared to face in 
contact with liquid metal.  Therefore, an appropriate addition of ZrO2 is necessary 
for ensuring optimized properties of the composite for application as a side-dam 
material.  Chen et al.32 measured the mechanical properties and thermal shock 
resistance of BN-ZrO2-SiC composites with different ZrO2 content ranging from 
10 to 40 volume%.  In all the composites, 10 volume% SiC was added to reduce 
the negative effect of the thermal expansion mismatch between BN and ZrO2.  
Also, 4-5 wt. % B2O3 was present as an impurity in h-BN.  It was reported that 
relative density, flexural strength, fracture toughness and Vickers hardness of 
BN-ZrO2-SiC composites will improve with increases in ZrO2 content since ZrO2 
has higher mechanical properties compared to BN.  Table 1.4 lists the relative 
densities and mechanical properties of BN-ZrO2-SiC composites with different 
ZrO2 contents.32 
However, a decline in thermal shock resistance was observed with 
increase in ZrO2 content in the composite.  The critical temperature difference 
(ΔTc) as described in ASTM 1525-0433 for the composite with 40 volume% was 
only 520°C because of degradation in residual flexural strength.  The drop in 
thermal shock resistance with increase in ZrO2 content was explained in terms of 
porosity and mechanical properties.  With increases in ZrO2 content, porosity of 
the composite decreases (with ZrO2 density increases) which will increase the 
crack propagation and decrease the residual fracture strength.  Also, increase in 
mechanical properties will have a negative impact on thermal shock resistance 
based on measurement of thermal shock parameters.32,34 
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Table 1.4. Relative densities and mechanical properties of BN-ZrO2-SiC 
composites with different ZrO2 contents, where, Z10 represents the composite 













Z10 92.83 251 ± 15 4.79 ± 0.35 1.51 ± 0.03 
Z20 95.46 292 ± 12 5.50 ± 0.67 1.86 ± 0.02 
Z30 98.10 314 ± 22 5.67 ± 0.89 2.11 ± 0.03 
Z40 99.71 346 ± 14 5.79 ± 0.14 2.69 ± 0.04 
 
 
Similarly, an appropriate amount of SiC addition is necessary in BN-ZrO2 
composites for optimal properties which includes reduction of mismatch between 
thermal expansion coefficient of BN and ZrO2, improvement in oxidation 
resistance and mechanical properties.35  SiC improves the oxidation resistance of 
BN-ZrO2 composites with the formation of silicate-based glasses at temperature 
above 800°C.36,37  Chen et al.35 measured the effect of SiC content on 
mechanical properties and thermal shock resistance of BN-ZrO2-SiC composites.  
The highest (~97.3%) relative density was observed in a composite with 15 
volume % SiC, which was attributed to the formation of SiO2 and ZrB2 by 
chemical reaction between ZrO2, SiC, and B2O3.  Silica densifies the composite 
by formation of a liquid phase and in-situ formed ZrB2 has higher sintering activity 
which also promotes densification.35  The highest flexural strength (~ 306 MPa, 
composite with 15 volume % SiC) was due to its highest relative density and in-
situ synthesized ZrB2 phase.  The in-situ ZrB2 has plate-like gains which 
increases the flexural strength by increasing crack path tortuosity due to crack 
deflection caused by hard ZrB2 particles.35  Fracture toughness was highest (~ 
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5.92 MPa.m1/2) for composites with 20 volume % SiC, while the measured critical 
temperature difference (ΔTc) was 700°C.  This composite had highest fracture 
toughness to flexural strength ratio which enhanced thermal shock resistance.38  
 
2.5. Corrosion Behavior of BN-based Composites 
Corrosion behavior of nitride-based ceramics by liquid steel has been 
studied by numerous researchers who concluded that dissolution of nitrides in 
liquid steel was the prevailing mechanism.8,10,11,21,39-43  In addition, dissolved 
oxygen present in steel (or other oxygen sources) plays an important role in 
corrosion.  These processes can be interpreted through following mechanisms11:   
Direct oxidation of nitride ceramic with dissolved oxygen present in steel: 
𝑀𝑁(𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦) +  [𝑂](𝑠𝑡𝑒𝑒𝑙) = 𝑀𝑂 + �12�𝑁2(𝑔)   (1) 
where, M = Al, B, Ti etc. 
Decomposition of nitride ceramic and oxidation of metallic element with dissolved 
oxygen present in steel: 
𝑀𝑁(𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦) = [𝑀](𝑠𝑡𝑒𝑒𝑙) + �12�𝑁2(𝑔)   (2) [𝑀](𝑠𝑡𝑒𝑒𝑙) +  [𝑂](𝑠𝑡𝑒𝑒𝑙) = 𝑀𝑂    (3) 
Previously, it was reported by Marple et al.8 that the reaction between 
molten steel and BN resulted in BN bars of cross-section 4 mm x 7 mm being 
completely consumed in 1008 steel (C = 0.1 %, low carbon steel) within 1 hour at 
1600°C.  Similar behavior was reported by Sinclair et al.41,42 for BN bars in K1040 
steel (C = 0.37 - 0.44 %, bright mild steel) at 1650°C under argon atmosphere.  
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In these studies, there was evidence of vigorous reaction during the experiments 
which suggested rapid evolution of a gaseous product (N2).  Iyengar et al.43 
studied BN dissolution in N2 saturated liquid iron and dilute Fe-B alloys.  It was 
reported that solid BN dissolved in liquid iron and the mechanism was diffusion 
controlled and directly correlated to the concentration of boron in the liquid metal.  
The chemical and transport processes involved in dissolution of solid boron 
nitride in N2 saturated molten iron was visualized through following 
mechanisms43: 
Decomposition of solid BN at the solid-liquid interface: 
𝐵𝑁 =  [𝐵𝑖] +  [𝑁𝑖]      (4) 
Transport of boron away from the interface into the bulk liquid: [𝐵𝑖] =  [𝐵](𝑙𝑖𝑞𝑢𝑖𝑑)      (5) 
Transport of nitrogen from the interface to the bulk saturated with N2 at 1.01x1005 
Pa (1 atm) pressure: [𝑁𝑖] =  [𝑁](𝑙𝑖𝑞𝑢𝑖𝑑)      (6) 
Transport of nitrogen from bulk to the liquid-gas interface:  [𝑁](𝑙𝑖𝑞𝑢𝑖𝑑) = [𝑁𝑠]      (7) 
Recombination of nitrogen atoms at the melt surface into N2 molecules and 
transport of N2 to the gas phase:  2[𝑁𝑠] =  𝑁2(𝑔)      (8) 
The SiC component of the BN-ZrO2-SiC composite in contact with molten steel 
would dissolve through dissociation of SiC followed by dissolution44:  
𝑆𝑖𝐶(𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦) =  [𝑆𝑖](𝑠𝑡𝑒𝑒𝑙) +  [𝐶](𝑠𝑡𝑒𝑒𝑙)    (9) 
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Such dissociation of SiC and reaction between SiC and molten steel would 
speed the infiltration of molten steel into the composite and considerably reduce 
the corrosion resistance of the composite.45  The carbon dissolved in the steel 
would react with dissolved oxygen to form CO (g): [𝐶](𝑠𝑡𝑒𝑒𝑙) +  [𝑂](𝑠𝑡𝑒𝑒𝑙) = 𝐶𝑂(𝑔)    (10) 
In addition, if BN-ZrO2-SiC composites are exposed to air at high 
temperatures, oxidation will occur forming solid/liquid/gaseous products 
depending upon temperature and pressure.  Yang et al.46 reported the oxidation 
resistance of SiC-BN composites.  When this composite was exposed to high 
temperature in air, SiC and BN were oxidized to form SiO2/SiO(g)47 and B2O348.  
The oxidation behavior of SiC can be divided into two categories: passive and 
active.47  Passive oxidation is conversion of SiC to SiO2 resulting in net mass 
increase through formation of coherent and dense SiO2 layer on the surface 
which reduces further oxidation (chemical reaction (11)). 
𝑆𝑖𝐶(𝑠) +  �3
2
�𝑂2(𝑔) =  𝑆𝑖𝑂2(𝑠, 𝑙) + 𝐶𝑂(𝑔)    (11) 
Active oxidation takes places at comparatively high temperature, with formation 
of volatile, non-passivating oxide.  The active oxidation of SiC is characterized by 
decrease in mass through loss of SiO(g) (chemical reaction (12)).  
𝑆𝑖𝐶(𝑠) +  𝑂2(𝑔) =  𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔)    (12) 
Active oxidation leads to severe corrosion because of loss of SiO(g).  Passive to 
active oxidation transition depends on temperature and oxygen partial pressure 
and it ranged from a low of 1347°C to a high of 1543°C for partial pressure of 
oxygen of 2.5 and 123.2 Pa.47  
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Oxidation of BN leads to formation of liquid oxide (B2O3) above 450°C through 
the following chemical reaction48: 4𝐵𝑁(𝑠) + 3𝑂2(𝑔) = 2𝐵2𝑂3(𝑙) + 2𝑁2(𝑔)    (13) 
SiO2 and B2O3 formed through the above reactions will react to form a 
borosilicate film on the surface of composite which protects the surface from 
oxidation.46  
Mechanical properties and wear resistance of these composites was 
widely reported.7,9,13  There is a limited amount of work carried out to study the 
interaction/corrosion of BN-ZrO2-SiC composites with molten steel and slag, 
which is the major impetus of the current effort, where corrosion of the hot-
pressed BN-ZrO2-SiC was studied.  The commercial name of this composite is 
MYCROSINT®SO43 and is manufactured by ESK Ceramic GmbH. KG, 
Germany49.  Typical properties of this material were reported by Eicher et al.7 




Table 1.5. Typical properties of MYCROSINT®SO43 material at room 
temperature [(⊥) perpendicular to hot pressing direction and (II) parallel to hot 
pressing direction]7 
 
Material Properties MYCROSINT®SO43 
Crystalline phases BN+ZrO2+SiC 
Binder phase / Binder type B2O3 
Orientation dependency Anisotropic 
⊥ II 
Density (typical) [g/cm3] 2.92 2.92 
Total porosity (calculated using theoretical density) 
[%] 
<6 <6 
Brinell hardness [HBW 2,5/31,25] 85 85 
Young’s modulus [GPa] 45 30 
Flexural strength [MPa] 120 80 
Compressive strength [MPa] 175 175 
Coefficient of thermal expansion [10-6/°C]  
20°C - 500°C 2 8 
500°C - 1000°C 4 9 
1000°C - 1500°C 1.4 4.5 
Specific heat at 20°C [J/gK] 0.5 0.5 
Thermal conductivity at 20°C [W/mK] 40 30 












3. CORE-NOZZLE REFRACTORY 
A refractory core-nozzle delivers molten steel from the transition piece to 
the melt pool between the two casting rolls.  This is similar to the submerged 
entry nozzle (SEN) used in conventional slab casting.  It evenly distributes steel 
into the pool with minimal turbulence and dissipates potential energy of steel 
coming from the transition piece.  Figure 1.8 shows a schematic of core-nozzle 




Figure 1.8. Schematic of the core-nozzle refractory in the melt-pool2 
 
 
At any time in the service, this core-nozzle refractory is submerged and 
filled up to certain height (~50 mm) of liquid metal in an inert gas environment 
which provides ample time for corrosive activity.  In general, carbon-containing 
materials (such as alumina-graphite, zirconia-graphite, spinel-graphite etc.) are 
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used as the core-nozzle refractory.8  In this effort, zirconia-graphite (ZrO2-C) is 
investigated for potential core-nozzle refractory. 
 
3.1. Carbon-containing Refractories as a Core-nozzle Material 
Carbon-containing refractories are used in the steelmaking industry 
because of their unique properties, which include high thermal conductivity (~20-
25 W/m.K at 500°C), low thermal expansion (~0.8-1.0x10-06/°C at 1000°C), high 
thermal shock resistance and non-wettability by slag.50-52  Carbon is used in two 
forms in these refractories: pyrolytic carbon and graphite flakes.53  Pyrolytic 
carbons are derived from pitch or resin binders and are located between the 
grains, whereas graphite flakes can be categorized as a part of the aggregate 
system.53  Carbons in both of these forms along with refractory oxides (such as 
Al2O3, ZrO2, SiO2, MgO, and MgAl2O4) are the most common refractories for the 
steel industry.  Table 1.6 shows the typical compositions of the oxide-carbon 
refractories.  Antioxidants and binders are also added to these refractories and 
will be discussed in a later section of this document.  
 
Table 1.6. Typical composition of oxide-graphite refractories53 
Component Composition (wt. %) 
Oxide 50-90 
Binder (Pitch/resin) 3-7 
Graphite flakes 5-30 







3.1.1. Production Process 
The shaped refractories of oxide-carbon are manufactured by first grinding 
and sieving the raw materials (oxide, graphite and additives) to appropriate sizes.  
Then, these materials are mixed thoroughly for complete homogenization.  
Further, appropriate amount of binders are added and again mixed completely.  
The mix is then shaped into an appropriate geometry.  Vacuum vibration 
equipment, die presses, extrusion presses, isostatic presses, hot pressing and 
tempering, and ramming equipment are used to form the mixture into a desired 
shape.50  Generally, hot isostatic pressing with rubber mold system is used to 
make core-nozzle refractories for thin-strip casting.2  After shaping, the mold is 
heated to approximately 225°C for about 8 hours to allow for phenolic binding.54  
Figure 1.9 shows a schematic of the general manufacturing process route for 










Binders play a crucial role in production of refractories.  Following 
requirements are necessary for a binder to be used for carbon-containing 
refractories55: 
• Environmental safety 
• High carbon content and substantial coke residue (at least 40%) 
• Storage stability 
• Good flow characteristics and adhesion to mineral filler particles providing 
a high degree of homogeneity during mixture preparation and molding 
Tars, coal-tars or coal-tar pitches were the common materials used as a carbon 
sources and binders.53  Potential health hazards are associated with these 
materials due to the evolution of hazardous pyrolysis products during processing.  
In addition, it is difficult to prepare dense refractory containing large proportions 
of graphite flake using pitch as a binder because of the elastic character of 
graphite in conjunction with poor pitch-graphite adhesion can allow the refractory 
to expand during heat treatment.17  To overcome these problems, pitch was 
replaced by resin polymers.  Phenolic resin is currently the most common binder 
used in carbon-containing refractories.56,57  There are two types of phenolic resin: 








The carbon in carbon-containing refractories contributes to low 
mechanical strength due to its weakly-bonded nature and susceptibility to 
oxidation.50,53  The oxidation of carbon generates porosity which allows the 
penetration of molten steel and slag and ultimately promotes degradation of the 
refractory.  The requisite oxygen for carbon oxidation can originate from 
atmospheric oxygen, dissolved oxygen in the molten metal, and from oxidizing 
components in the slag such as FexO and MnO.  The loss of C is governed by 
the following chemical reactions58,59: 2𝐶(𝑠) +  𝑂2(𝑔) = 2𝐶𝑂(𝑔)    (14) 
𝐶(𝑠) + 𝑂2(𝑔) =  𝐶𝑂2(𝑔)    (15) 
𝐶(𝑠) + 𝐶𝑂2(𝑔) = 2𝐶𝑂(𝑔)    (16) 
𝐶(𝑠) + 𝐹𝑒𝑥𝑂(𝑙) = (𝑥)𝐹𝑒(𝑔, 𝑙) + 𝐶𝑂(𝑔)   (17) 
𝐶(𝑠) + 𝑀𝑛𝑂(𝑙) = 𝑀𝑛(𝑔, 𝑙) + 𝐶𝑂(𝑔)   (18) 
𝐶(𝑠) + [𝑂](𝑠𝑡𝑒𝑒𝑙) = 𝐶𝑂(𝑔)    (19) 
Due to reactions (14)-(19), carbon oxidizes creating a decarburized layer 
in the original refractory.  This decarburization makes the refractory porous and 
provides pathways for slag to penetrate into the refractory leading to its failure.  
Slag infiltrates porous refractory containing oxide grains because slag wets the 
oxide, while metal may not.  
To overcome this problem, antioxidants are added to the refractory 
mixture.  Antioxidants are in the form of metals/alloys (such as Al, Si and Al/Si 
alloys), carbides (such as B4C and SiC), and boron-based compounds (such as 
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CaB6 and ZrB2).58,59  These antioxidants function in different ways during service.  
Metal/alloy and carbide additives mainly act as CO reducing agents, which 
contribute to carbon oxidation inhibition; whereas, boron-based compounds form 
a liquid phase which blocks the open pores and reduces carbon oxidation.58  
Yamaguchi60 studied the behaviors of SiC and Al through thermochemical 
analysis of the Si-O-C and Al-O-C systems.  Two mechanisms were suggested 
through which SiC was inhibiting carbon oxidation.  Firstly, by reduction of CO(g) 
to C(s) through following chemical reactions: 
𝑆𝑖𝐶(𝑠) + 𝐶𝑂(𝑔) = 𝑆𝑖𝑂(𝑔) + 2𝐶(𝑠)    (20) 
The carbon formed through above reaction fills the corroded SiC regions.  
Simultaneously, SiO(g) formed also reduces CO(g) to C(s) and forms SiO2(s): 
𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔) = 𝑆𝑖𝑂2(𝑠) + 𝐶(𝑠)    (21) 
As a result of chemical reactions (20)-(21), a volume expansion of about 3.7 
times was predicted due to formation of SiO2(s) resulting in a decreases in local 
porosity and thereby limits the permeation of oxidizing species and thus carbon 
oxidation.  
In case of Al, it reduces the CO(g) to C(s) through chemical reaction (22): 2𝐴𝑙(𝑙) + 3𝐶𝑂(𝑔) =  𝐴𝑙2𝑂3(𝑠) + 3𝐶(𝑠)   (22) 
Similar to above mechanism, a solid phase expansion of about 2.4 times 
was predicted through formation of Al2O3(s) (chemical reaction 22) which makes 
the material denser and retards carbon oxidation.  
Later, Yamaguchi61 also studied Al-C-O-N system and suggested that Al 
either reacts with C to form Al4C3(s) or with N2(g) from the atmosphere to form 
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AlN(s), and these solids reduce CO(g) to C(s) and form Al2O3(s).  In this process, 
reactions products (such as Al4C3(s), AlN(s) and Al2O3(s)) make the refractory 
denser and improves mechanical strength.  
Yamaguchi62 further extended his study of the Al-C-O-N system to the Si-
C-O-N and Zr-C-O-N systems in CO and N2 gas environments to study the 
influence of oxygen and nitrogen partial pressure on stability of metals, carbides, 
and oxides.  This study agreed with his previous findings60,61 that antioxidants 
reduce CO(g) to C(s) and form a dense oxide layer in the refractory.  
Behavior of boron carbide (B4C) added to carbon-containing refractories 
was also studied by Yamaguchi.63  Similar to Al and Si antioxidant, B4C(s) 
reduces CO(g) to C(s) and B2O3(l,g) is formed.  Further, B2O3(l,g) can react with 
refractory oxides (such as MgO, Al2O3 and MgAl2O4) to form liquid phase at high 
temperatures (~1550-1600°C).  The liquid compound formed would fill the pores 
and coat the carbon surfaces thus suppressing carbon oxidation.  Behavior and 
effects of ZrB2 added to MgO-C and Al2O3-C was studied later by Yamagachi64.  
ZrB2 reacts with CO(g) to form ZrO2(s), B2O3(l) and C(s) according to following 
chemical reaction: 
𝑍𝑟𝐵2(𝑔) + 5𝐶𝑂(𝑔) =  𝑍𝑟𝑂2(𝑠) +  𝐵2𝑂3(𝑙) + 5𝐶(𝑠)  (23) 
Thus, ZrB2 reduces CO(g) to C(s), and B2O3(l) formed reacts with MgO or Al2O3 
to yield a liquid phase (MgO-B2O3 and Al2O3-B2O3) which forms a protective 





3.2. Corrosion of Oxide-carbon Refractories  
Corrosion behavior of oxide-carbon refractories was studied by a number 
of researchers.50,53,65-67  A general scheme of oxide-carbon corrosion behavior is 
shown schematically in Figure 1.10.  The corrosion mechanism can be divided 
into three stages, although some of these stages may occur simultaneously.53  
Stage 1: Formation of decarburized layer (Figure 1.10 (a)): Graphite and/or 
pyrolytic carbon oxidation due to oxygen from atmosphere, slag, or metal 
(chemical reactions (17)-(22)).  
Stage 2: Infiltration of steel/slag (Figure 1.10 (b)): Due to loss of carbon, porosity 
in the refractory increases.  Through these pores, molten steel or slag infiltrates 
and corrodes the oxide grains.  This corrosion and erosion of the oxide grain is 
aided by high temperature softening of any intragranular silicate bond and 
dissolution of the oxide grain by molten steel and slag.53  
Stage 3: Reduction of oxide grains at high temperature (Figure 1.10 (c)): Oxide 
grains may get reduced by reaction with carbon resulting in its exposure and 
further erosion.  An example is in the case of MgO-C refractory, Mg vapor is 
produced by reaction between MgO(s) and C(s) at high temperature (~1600°C) 













3.3. ZrO2-C Refractory 
ZrO2-C refractory is widely used at the slag-line of submerged entry 
nozzles (SEN) during continuous casting of steel because of its high resistance 
to corrosion.69  A refractory material with high resistance against corrosion is 
essential in the thin-strip casting process to enable long casting sequences and 






3.3.1. Stabilization of Zirconia 
Pure zirconia (ZrO2) is monoclinic (m- ZrO2) at room temperature and 
pressure.  As temperature increases, m-ZrO2 transforms to tetragonal (t-ZrO2) 
around 1170°C, and then to the cubic (c-ZrO2) fluorite structure starting around 
2370°C and finally it melts by 2716°C.70-72  These transformations are shown 





�⎯⎯⎯⎯� 𝑡𝑒𝑡𝑟𝑎𝑔𝑜𝑛𝑎𝑙(𝑡) 2370°𝐶�⎯⎯⎯� 𝑐𝑢𝑏𝑖𝑐(𝑐) 2716°𝐶�⎯⎯⎯� 𝑚𝑒𝑙𝑡  (24) 
There is a volume increase associated with these transformations when 
the material is cooled, c-ZrO2 → t-ZrO2 approximately 2.31% and t-ZrO2 → m-
ZrO2 approximately 4.5%.26  The volume expansion caused by these 
transformations induces large stresses, and can cause extensive cracking in 
ZrO2 upon cooling.  Sintered ZrO2 structures transforming from t-ZrO2 to m-ZrO2 
on cooling from 1300-1500°C undergo spalling with portions crumbling into 
powders.70  This behavior destroys the fabricated components upon cooling and 
renders pure ZrO2 unsuitable for structural and mechanical applications.  Slowing 
cooling rates or eliminating crystal structure transformation in ZrO2 is necessary, 
although the latter is the only one appropriate for use in steel industry.  
Several researchers have used alloying of pure ZrO2 with oxides, which 
includes alkaline earth oxides (such as CaO, MgO, SrO, and BaO) and rare earth 
oxides (such as Y2O3, Sc2O3, La2O3, CeO2, Sm2O3, Gd2O3, Yb2O3, Dy2O3, 
Ho2O3, and Er2O3) to eliminate the phase transformation upon cooling.73  With 
sufficient addition of these oxides to pure ZrO2, the cubic-structure can be 
retained at room temperatures.  This process of alloying ZrO2 to maintain the 
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cubic structure at low temperature is known as stabilization of ZrO2.  Cubic 
stabilized ZrO2 is a useful  raw material for many industries including steel 
because it does not go through the destructive phase transformation during 
heating and cooling.73  Depending upon the amount of second phase added, the 
stabilization process works in different ways.  A small addition (the ideal 
concentration varies with dopant) of the second phase can stabilize the mixture 
of the monoclinic and tetragonal phase and it is known as partially stabilized 
ZrO2.  On increasing the addition, the cubic phase is formed which is known as 
fully stabilized ZrO2.  The amount and temperature of transformation for partially 
or fully stabilized ZrO2 can be determined using the binary phase diagram of the 
additive oxide with ZrO2.  The most commonly used additives are CaO, MgO, 
and Y2O3 among the others reported above.74  In the current effort, CaO 
stabilized c-ZrO2 is used as the refractory material with other components 
reported in Table 1.6.  CaO stabilization of ZrO2 is shown using CaO-ZrO2 binary 





Figure 1.11. CaO-ZrO2 binary phase diagram75 
 
 
As shown in Figure 1.11, by varying the amount of CaO and temperature, 
different phases (cubic and tetragonal) of ZrO2 can be obtained through 
formation of solid solution. 
 
3.3.2. ZrO2-C Refractory for Steel Industry 
As stated earlier, ZrO2-C refractories are widely used in continuous 
casting of steel, typically at the slag-line of submerge entry nozzles (SEN).69,76  
Nowadays, its use has expanded from the slag line of the SEN to the slag line of 
ladles.77  In general, ZrO2-C is finding applications in the areas where high-
corrosion resistance is required.   
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Typical components in ZrO2-C refractory include, stabilized ZrO2, graphite 
to improve the thermal properties and decrease the wettability by molten oxides, 
and antioxidants to prevent oxidation of graphite.  The typical chemical 
composition and physical properties of a commercial ZrO2-C refractory are 
included as Table 1.7.78 
 










Bulk density 3.7 g/cm3 
Apparent porosity 15% 
Flexural strength  (25°C) 7 MPa 
 
 
Several studies have been attempted to modify the properties of ZrO2-C 
by varying the composition.79-83  The mechanical strength of ZrO2-C is an 
important characteristic, which in turn affects thermal shock resistance and slag 
and/or steel resistance.79  Composition (the ratio of ZrO2 and graphite, plus the 
presence of additives) primarily affects the flexural strength.79  Li et al.80 reported 
that addition of SiC to ZrO2-C increases the flexural strength from 9.7 to 12.3 
MPa.  Ochagova81 measured the flexural strength of ZrO2-C materials with 
varying ZrO2 /graphite ratio and open porosity.  Sen et al.82 studied the effect of  
nano-sized ZrO2 additions in ZrO2-C materials.  He reported that with addition of 
0.8, 1.2 and 1.6 % nano-sized oxide, the flexural strength increased (12.2, 13.2 
and 16.7 MPa) and open porosity was reduced (14.2, 12.8 and 9.5%) 
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respectively.  Similarly, Liu et al.83 reported that addition of 2 wt. % boron carbide 
reduced the open porosity from 14.6% to 11.9% and increased the flexural 
strength from 6.2 to 7.2 MPa in a ZrO2-C refractory.  
 
3.3.3. Corrosion Mechanism of ZrO2-C Refractory  
Several corrosion mechanisms of ZrO2-C refractories have been reported 
by researchers at steelmaking temperatures.53,69,77,78  All these mechanisms 
involve consumption of graphite matrix and degradation of ZrO2 grains.  As 
reported above (Figure 1.10), corrosion begins with formation of a decarburized 
layer followed by penetration of molten steel and/or slag.  The molten steel and 
slag penetrating into the refractory react with lime-stabilized zirconia and diffuse 
out the stabilizing agent CaO.  Due to removal of CaO, c-ZrO2 transforms to m-
ZrO2 and large c-ZrO2 grains break into smaller m-ZrO2 grains.  Two 
mechanisms had been reported for the diffusion of CaO stabilizing agent from c-
ZrO2 in ZrO2-C refractories.28,77,84,85   
The first mechanism commences with c-ZrO2 grains contacting infiltrating 
molten steel and slag.  This molten phase, containing species such as Si, Al, Mn, 
serves as a solvent for the CaO stabilizing agent.  The CaO depleted c-ZrO2 
grains thus become unstable and subsequently transform into m-ZrO2 starting 
with crystals at the grain’s periphery and proceeding to the core of the grain.  The 
newly formed m-ZrO2 crystals/particles may be surrounded by stress cracks 
which can further be penetrated by this molten phase.  These now smaller m-
ZrO2 particles then reside in a glassy matrix composed largely of low-melting 
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CaO-SiO2 phases and can more easily be dislodged and swept away by the 




Figure 1.12. Corrosion mechanism of c-ZrO2 by penetration of liquid phase77 
 
 
 The second mechanism is similar to the previous with the exception that 
the corrosion commences with c-ZrO2 coming into contact with infiltrating vapor 
rather than directly with molten slag and steel.  Oxides present in the slag and 
molten steel are reduced by carbon and generate vapor.  This vapor phase 
infiltrates the refractory and comes into contact with c-ZrO2 grains.  The vapor 
together with CaO from the c-ZrO2 condenses and forms a CaO-Al2O3-SiO2 liquid 
phase.  The now CaO-depleted c-ZrO2 crystals are rendered unstable and 
transform to m-ZrO2.  This mechanism, depicted in Figure 1.13, then proceeds as 
before with the newly formed and smaller m-ZrO2 ultimately being eroded away 
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by flowing steel.   SiO and Si in the vapor are believed to most actively promote 
m-ZrO2 transformation by combing with CaO stabilizing agent. 77  Other elements 
(such as Mg, Al, Na etc.) are less active for this transformation but may 




Figure 1.13. Corrosion mechanism of c-ZrO2 by penetration of vapor phase77 
 
 
 To further understand the destabilization mechanisms, studies were 
performed focusing on the action of Si and other oxides (Na2O, B2O3, Al2O3, 
Fe2O3, TiO2, SiO2). 86,87  The research ultimately ranked the studied oxides from 
the most to the least active in terms of CaO-leaching ability as follows86: 




 Na2O was found to have no effect on destabilization, while B2O3 effect 
was powerful.  Thermodynamic data of reaction between CaO and above oxides 
(such as 𝐶𝑎𝑂 +  𝑆𝑖𝑂2 =  𝐶𝑎𝑆𝑖𝑂3) concurred with the proposed sequence of 
equation (25).   
 In addition, the decalcification kinetics of SiO2 on stabilized c-ZrO2 were 
studied in detail. 86  The reaction interface morphology at 1300°C is shown in 
Figure 1.14.  Three intermediate layers were observed adjacent to a stabilized 
ZrO2 grain: the first intermediate layer was amorphous and not well defined; the 
second zone contained decalcified ZrO2 crystals; and third and outer-most layer 




Figure 1.14. Interface layer in the reaction between CaO-stabilized c-ZrO2 and 




4. CORROSION TESTING OF REFRACTORIES  
Several laboratory scale corrosion testing methods have been used to 
simulate the environment a refractory is exposed to during the service.  Each of 
these techniques can be categorized as either static or dynamic.  In static tests, 
there is no relative movement between refractory and corrosive-fluid, so there is 
drawback of corroding medium (slag and/or molten steel) becoming saturated 
with reaction products.  Static tests include “button or sessile drop test”, “cup, 
crucible, brick or cavity test”, “dipping, immersion, or finger test” and “induction 
furnace test”.53  In dynamic tests, there is forced relative movement between 
refractory and corrosive-fluid, so there is removal of the boundary layer, 
increasing active corrosion processes.  Dynamic tests include, “rotating finger 
test” and “rotary slag test”.53  In the current effort, modified static cup tests were 
used. 
 
4.1. Sessile Drop Test 
Sessile drop (button) test begins with powders of the corrosive agents 
(such as slag, flux, ash etc.) being shaped into a cylinder and placed on the 







Figure 1.15. Typical experimental setup for sessile drop experiment88 
 
 
This refractory-slag system is heated in a furnace up to certain 
temperature until the complete melting of the corrosive agent and held for a fixed 
time to allow the slag to wet the refractory.  The sequence of events taking place 
with respect to temperature is recoded with a camera attached to the furnace.  
Typically, a computer is attached to the system with software for interpretation of 
video images that are used to determine the wetting angle.  Based on the wetting 
angle measurement, interfacial and surface energies can be determined.  This 
technique is only fully valid when the fluid (slag) composition is not altered by any 
reaction with the substrate (refractory).  
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4.2. Crucible Test 
In crucible (cup, cavity or brick) tests, a refractory brick/sample is cored to 
appropriate dimension and filled with the corrosive agents (such as slag, steel 
etc.).  This system is heated to temperature (based on the melting-point of the 
corrosive agents or the application temperature) under a gas environment (such 
as air, argon, nitrogen etc.) and held for prescribed period to promote corrosive 
reactions.  After soak, the crucible is cooled and subsequently machined along 
the axis of the cavity to measure any change in dimensions or regions of 








Based on the analysis of the corroded crucible, depth of liquid penetration 




This is the most popular corrosion testing method because of its simplicity 
and many samples or slag chemistries can be tested within a short time.  
However, as mentioned previously, it has a major drawback in terms of the 
reduction on corrosion effects as the slag approaches saturation with reaction 
products.  In addition, the test is isothermal so there is no temperature gradient 
typically present in service.53  
 
4.3. Finger Test 
In finger (immersion or dipping) tests, corrosive liquid (such as steel 
and/or slag) is melted in an induction furnace.  Then, cylindrical or square pillar 
shaped refractory samples are immersed in the liquid.  Immersion time, 
temperature and atmosphere are varied accordingly.  Figure 1.17 shows a 
schematic of finger test setup.  Using this experiment, it is possible to replicate 





Figure 1.17. Typical refractory finger experimental setup for dipping tests76 
 
 
The refractory test rod can be rotated to make this system dynamic.  
Rotation of the rod can simulate the stirring practices in steel ladles.76  Also, 
rotation disturbs the boundary layer thus increasing the corrosive effect.  
 
4.4. Induction Furnace Test 
In the induction furnace test, refractory samples are combined to form a 
polygonal crucible inside the furnace.  Steel and slag are placed in the crucible 
and melted using induction heating.  A schematic of the induction furnace test 




Figure 1.18. Schematic of experimental setup for induction furnace test89 
 
 
In this method, a temperature gradient is established between the inner 
and outer surfaces of the refractory sample through heating the melt directly.  
Temperature and atmosphere inside the furnace can be easily controlled and 
rapid/vigorous corrosion can occur at the melt/slag line due to flotation of less 
dense slag in the melt.89  Induction heating provides stirring in the system adding 
a dynamic aspect to the experiment.  This test can simulate practical furnaces 
adequately, while flows can be precisely simulated.   
 
4.5. Rotary Slag Test 
Rotary slag test is the most popular corrosion test method.  In this test, 
slag is melted with an oxy-propane flame in a refractory-lined cylindrical drum 
while the drum is rotated on its axis.53  This drum is lined with different refractory 
materials and rotated about the horizontal axis.  The slag is periodically removed 
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and renewed through tilting the whole drum and when its returned to the 
horizontal axis position, new slag is charged.  A schematic of the experimental is 
depicted in Figure 1.19.  
 
 
Figure 1.19. Schematic of rotary slag test apparatus89 
 
 
In this setup has the advantage that many samples can be 
tested/compared in a single experiment and a temperature gradient within the 
refractory lining is also established.  In addition, removal and renewal of the slag 
simulates the industrial practice. The disadvantage of rotary slag test includes 
difficulty in controlling the temperature, poor reproducibility, and heavy test 
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apparatus compared to a laboratory scale setup.   Table 1.8 summaries the pros 
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Boron-nitride (BN) based ceramics are often used as containment 
refractory in thin-strip steel production.  The interaction of this material (BN-ZrO2-
SiC:-MYCROSINT®SO43) was studied using a steel-inclusion system in a 
laboratory setup.  Isothermal interaction tests were performed to evaluate the 
interaction of inclusions with this refractory.  It was determined that corrosion of 
the BN refractory occurs through a dissolution mechanism and it was more 
severe in contact with steel compared to slag.  A thermodynamic model was 
developed using FactSage to study the change in liquid steel/slag composition 
with refractory interaction.  Thermodynamic predictions were in agreement with 
the experimental data obtained through isothermal interaction tests. 
 
1. INTRODUCTION 
Boron nitride based refractories are excellent as containment materials for 
continuous casting of steel due to their high melting point (~ 3000°C), excellent 
thermal shock resistance (K20°C = 40 W/mK and α1000°C - 1500°C = 0.5x10-6/K (┴) and 
2.2x10-6/K (ll)), corrosion resistance against molten steel and wear resistance 
(coefficient of friction = 0.15 - 0.70).1-6  BN-based ceramics have been used for 
thin-strip casting of steel as a side-dam material.5,6  The purpose of the side-dam 
material is to resist wear and corrosion in the thin-strip casting pool while 
providing an edge seal on the pool.5-7  Some of the materials considered for this 
application include AlN-BN, AlON-BN, SiC-BN, Al2O3-BN, Mullite-BN, TiN-BN, 
SiAlON-BN, SiAlON-ZrO2-BN, ZrO2-BN and ZrO2-SiC-BN.5-10   
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MYCROSINT®SO43 used in this study is a BN-ZrO2-SiC composite 
material manufactured by ESK Ceramics GmbH & Co. KG, Germany11 and 
combines the non-wetting property of boron nitride with the excellent 
refractoriness and strength of zirconia and high wear resistance of silicon 
carbide.  Typical properties of this material were reported by Eicher et al.6. 
In thin-strip casting of ultra-low carbon silicon-killed steel, the side-dam 
refractory is in continuous contact with steel, mold-flux, and inclusions present in 
the steel for as long as 8 hours.  During this period the side-dam undergoes 
abrasion from the rolls as well as corrosion from the steel, inclusions and mold 
flux.  In the present work, an attempt has been made to understand this corrosion 
behavior with steel/inclusions in a controlled environment.  The corrosion 
mechanism was studied through interactions between the BN-ZrO2-SiC refractory 
and liquid steel with synthetic slags of compositions equivalent to typical 
inclusion classes found in silicon-killed steel.  Isothermal interaction tests were 
carried out to measure the effectiveness of this refractory material in the liquid 
pool environment.  Additionally, a thermodynamic modeling approach based on 
iterative calculations was used to study the corrosion behavior.  This model was 
based on the concept that the liquid steel and slag (inclusion) composition 
changes with time during the refractory - steel/slag interactions.  Furthermore, 




2. EXPERIMENTAL PROCEDURE 
Low alloyed silicon-killed steel samples, of known chemistry (Table 1), 
obtained from thin-strip casting were analyzed to determine inclusion 
chemistries.  
 
Table 1. Elemental composition of steel used for the corrosion test 
Element C Si Mn P Cu Cr Ni Mo Sn Fe 
Wt. (%) 0.018 0.13 0.47 0.011 0.28 0.11 0.12 0.041 0.01 Bal. 




The inclusions identified were categorized into classes based on 
chemistry.  The most prevalent inclusion classes were selected for the 
experiment and are included as Table 2.  All inclusions were MnO-SiO2 based 
with up to 30 wt. % Al2O3, 10 wt. % MgO and CaO, and 5 wt. % TiO2 and FeS2.   
Oxide and sulfide powders were mixed to achieve the desired chemistry.  These 
powders were ball milled for 48 hours in a polyethylene bottle using alumina 
milling media.  Each mixture was then uniaxially pressed at 35 MPa (5000 psi) in 
a 12.7 mm (0.5 inch) die resulting in a synthetic slag pellet of thickness roughly 







Table 2. Inclusion compositions used for the corrosion test 
Inclusion Composition (wt. %)  
MgO  Al2O3 SiO2 FeS2 CaO TiO2 MnO  
I1 10 25 35 0 10 0 20 
I2 5 25 30 0 10 0 30 
I3 0 30 35 5 0 0 30 
I4 0 20 35 5 0 0 40 
I5 0 15 35 5 0 0 45 
I6 0 15 30 5 0 5 45 
I7 0 15 30 5 0 0 50 
I8 0 10 30 5 0 0 55 
 
 
A BN-ZrO2-SiC refractory brick with dimensions 100 mm x 100 mm x 50 
mm was machined to have nine-cups of diameter 15 mm (0.6 inch) and depth 
25.4 mm (1 inch).  A lid was prepared from the same material and a hole of 
diameter 6.35 mm (0.25 inch) was machined at the center to allow for injection of 
Argon gas.  A groove was machined on the bottom refractory brick for the lid to fit 






Figure 1. Schematic of the experimental setup for the isothermal interaction tests 
 
 
Ten grams of steel and a slag pellet (2 gram), of the chemistries shown in 
Table 1 and Table 2 respectively, were charged in eight of the cups, whereas in 
the central cup only 10 grams of steel was inserted.  The entire system was 
placed in a furnace and argon was introduced at the rate of 1 liter/min through 
the gas inlet on the lid to provide an inert atmosphere. The refractory-steel-slag 
system was heated at 300°C/hour up to 1000°C followed by 180°C/hour up to 
1600°C and then maintained at 1600°C for 4 hours.  Following the heating 
schedule, the sample was air quenched from 1600°C.  
Each cup was then sectioned close to the center to measure the change 
in the diameter of the cup at the steel and slag levels.  Corrosion depth, the 
dimensional change after the corrosion of the refractory, was used as a criterion 
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to evaluate the corrosion behavior of the synthetic slags.  The dimensional 
change of the cup was measured using Image J12.  The diameter was measured 
at the steel level, slag level and the unreacted region (Figure 2).  At each of 
these levels multiple measurements were taken and the average values were 
reported.  The dimensional change was measured with respect to the dimension 
at the unreacted region to account for possible off-center cross-sectioning. 
One-half portion of the cup was mounted in epoxy resin along the cross-
section and was polished and gold sputtered to achieve high resolution scanning 
electron microscopy images.  Microstructure and compositional analysis was 
performed to study refractory and steel/slag interaction using automated 
scanning electron microscopy equipped with energy dispersive X-ray 
spectroscopy (ASPEX 1020, FEI, Delmont, PA).  To determine the type of 
inclusions formed due to refractory-steel interaction, SEM-EDS analysis was 
performed on steel present in each cup.  Cathodoluminescence (8200 Mk II, 
CITL, Cambridge, UK) microscopy was used to identify the reaction layer at the 
refractory-slag and refractory-steel interfaces.  X-ray powder diffraction (XDS 
2000, Scintag Inc., Denver, CO) was performed on the slag obtained after 
experiments from each cup in order distinguish the phases formed due to 
refractory-steel-slag interaction.  
XPS (X-ray photoelectron spectroscopy) (Axis 165, Kratos Analytical, 
Manchester, UK) was used to analyze the elemental composition of the slag 
powders after the experiment. After setting up the sample in the XPS equipment, 
the sample was etched with a charged argon gas stream for 1 minute to cleanse 
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the surrounding area prior to the XPS analysis.  A magnesium flood source was 
used for material excitation.  A wide scan for all the elements in the slag was 
performed.  
Total oxygen and nitrogen was measured for the steel present in each cup 
using LECO O and N analyzer (TC 500, LECO, St. Joseph, MI).  
 
3. RESULTS AND DISCUSSION 
3.1. Effect on the Refractory Material 
An increase in the diameter of each of the refractory cups was observed at 
the steel as well as the slag level after the corrosion test.  A representative 
sample cut along the center of the cup with measured dimensions is shown as 
Figure 2.  The percentage change in the diameter of the cup was measured 
using Image J.  The percentage change in the diameter of the cup in contact with 
slag ([(Dslag – Do)/Do] X100) and steel ([(Dsteel – Do)/Do] X100) was measured and 





Figure 2. Appearance of one of the sample after the isothermal interaction test 
used for measurement of dimensional change 
 
 
The dimensional change for each cup was higher for the region in contact 
with the steel compared to the slag.  No slag/steel penetration was observed on 
the cup walls.  This suggested that the refractory material was undergoing 
dissolution into both steel and slag.  Also, the cup without slag showed higher 
dissolution. The cups containing slag with higher MnO content showed maximum 
dimensional change for the slags but less than steel alone.  This indicated that 
MnO-rich inclusions were the most corrosive to the refractory material. 
 
Table 3. Depth of dissolution for different inclusion compositions in slag and steel 
region 
 
Inclusion I1 I2 I3 I4 I5 I6 I7 I8 Steel only 
[(Dslag – Do)/Do]X100 4.5 3.9 4.4 4.3 3.6 5.6 7.5 7.7 ---- 
[(Dsteel – Do)/Do] X100 6.1 5.1 7.3 6.3 5.4 7.4 9.7 8.9 9.0 
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For all slag (inclusion) compositions shown in Table 2, the refractory-slag 
interface looked similar to micrograph shown as Figure 3(I) for inclusion of 
compositions I6.  The micrographs showed no indication of slag penetration or 
porosity formation.  Zirconia particles (white) from the refractory material were 
observed to be dispersed over the slag (grey) phase confirming the dissolution 
and recrystallization of zirconia.    A representative energy dispersive X-ray 
spectroscopy analysis of different regions around refractory-slag interface for 
inclusions of composition I6 is also shown (Figure 3).  In the slag area attached 
(region a), there was no trace of nitrogen in the EDS spectrum; fine zirconia 
particles (white phase) were observed to be dispersed within the slag layer.  The 
presence of boron in the slag layer cannot be detected through EDS, so XPS 
measurements were used and the results are reported in a later section of this 
manuscript.  A SiC-depleted layer was observed in the refractory in contact with 
the slag as shown in Figure 3 (b).  The SiC-depleted region was documented 
using cathodoluminescence microscopy.  No compositional change was 
observed in the refractory material away from the interface shown as regions c 










Figure 3. Scanning electron microscopy images of refractory-slag interface along 
with energy dispersive X-ray spectroscopy (EDS) results of different regions at 









Figure 3. Scanning electron microscopy images of refractory-slag interface along 
with energy dispersive X-ray spectroscopy (EDS) results of different regions at 




Figure 4 is a CL photomicrograph of the refractory-slag and refractory-
steel interface for inclusions of type I1. This photomicrograph revealed the SiC-
depleted layer and is included as Figure 3(b).  The depleted region is a light blue 
band on the front face of the refractory.  The thickness of this layer, measured 
using Image J software for all the refractory-slag/steel systems was between 100 
and 150 µm.  No clear trend in the thickness of SiC depleted layer was observed 








Figure 4. Cathodoluminescence photo-micrograph of (a) refractory-slag interface 
(b) refractory-steel interface, for inclusion of type I1 
 
 
The fraction of zirconia in the slag layer was estimated using the Image J.   
A microstructure was taken at minimum magnification to provide maximum 
sampling of zirconia particles at the slag layer.  The area fraction of zirconia was 
taken as an estimate of volume fraction and is included as Table 4.  It was 
observed that the fraction of zirconia in the slag layer increased with MnO 
content in the slag similar to the dimensional changes reported in Table 3. 
  
Table 4. Area fraction of zirconia on the slag layer for different inclusion 
composition 
 
Inclusion I1 I2 I3 I4 I5 I6 I7 I8 




The X-ray diffraction (XRD) was performed for all the resulting slags and it 
showed that monoclinic ZrO2 (m-ZrO2) was the only crystalline phase present 
with the remaining material being an amorphous glassy phase.   
XPS was conducted for the obtained slags corresponding to all the inclusions 
shown in Table 2.  Boron and zirconium wt. (%) were estimated to be between 2-
4 % and 3-5 %, respectively for all the slag compositions. 
 
3.2. Effect on Steel  
BN in contact with liquid Fe or steel can severely contaminate the melt 
with boron and nitrogen.13  Previously, it was reported by Marple et al.5 that 
reaction between molten steel and BN resulted in BN bars of cross-section 4 mm 
x 7 mm being completely consumed in 1008 steel (C = 0.1 %, low carbon steel) 
within 1 hour.  Similar behavior was reported by Sinclair et al. [14, 15] for BN 
bars in K1040 steel (C = 0.37 - 0.44 %, bright mild steel) at 1650°C under argon 
atmosphere. 
To analyze the effect of refractory dissolution on the steel from each cup 
SEM-EDS was used.  Before the test, the inclusions present in the steel were of 
a type shown in Table 2.  Some typical inclusions observed in steel after the test 
is included as Figure 5.  Most of them were nitrogen-based inclusions.  Nitrogen 
from BN of the refractory dissolved in steel and combined with other elements 
present (i.e. Al, Si, Mn, Zr etc.) forming nitride inclusions.  In the microstructure 
(Figure 5), the light grey particles were precipitates of borides and were formed 
by refractory dissolution.  Extensive work has been done on the effect of boron 
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addition in steel.16,17  It has been reported that soluble boron (10-30 ppm) in steel 
remarkably increases the hardenability of low-alloy steel while additional boron 
forms precipitates that do not contribute to the hardenability [18, 19].  However, 







Figure 5. Types of nitride inclusions observed in steel due to refractory 




In order to determine the amount of boron nitride removed from the 
refractory and dissolved as boron and nitrogen in the steel, the nitrogen content 
of the steel was measured using a LECO analyzer and is reported as Table 5.  
About 1 wt. % nitrogen was present in each cup test sample.  There was a 
decrease in oxygen concentration of steel of about 100 ppm after the corrosion 
test (refer to Table 1 and 5).  The decrease in 100 ppm oxygen from 10 grams of 
steel corresponds to 0.75 x 10-3 grams of carbon or 1.25 x 10-3 grams of SiC from 
the refractory.  This much carbon can come from a 0.04 mm penetration depth 
into the refractory layer.  However, the SiC depleted layer was up to 0.15 mm 
(Figure 4) and the thickness of the dissolved layer was up to 0.7 mm (Table 3).  
This suggests that the oxidation of SiC from the refractory could more than 
account for the ppm oxygen reduction. 
 
Table 5. Total O and N content in steel measured using the LECO analyzer 
Inclusion I1 I2 I3 I4 I5 I6 I7 I8 Steel only 
<O> ppm 14 9 13 15 13 12 13 15 12 
<N> wt.% 1.03 0.90 0.88 1.01 1.00 1.00 0.92 0.99 1.08 
   
 
3.3. Thermodynamics of BN-ZrO2-SiC Refractory 
Based on the experimental studies, the dissolution of BN was the major 
corrosion mechanism for the BN-ZrO2-SiC refractory.  In the past, BN dissolution 
was studied in N2 saturated liquid iron and dilute Fe-B alloys.13  It has been 
reported by Iyengar et al.13 that solid BN dissolved in liquid iron and the 
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mechanism was diffusion controlled and directly correlated to the concentration 
of boron in the liquid metal.  In the present work, to study the dissolution behavior 
and interaction of steel and slag with the refractory, equilibrium calculations were 
carried out at 1600°C using the thermodynamic software FactSage 6.420.  The 
expected equilibrium phases were predicted using the “Equlib” module of 
FactSage, considering the slag, solid-solutions, and all possible liquids, solids, 
and gases as potential phases.  The databases used in this study were: FSstel 
(compound and solution database for steel), FactPS (gas species, solid, and 
liquid compound database), and FToxid (compounds and solutions for oxides 
database). 
Previously, several methodologies had been used to study the 
thermodynamics of corrosion behavior of refractory against steel/slag.21-23  In this 
paper, a modeling approach based on iterative calculations was applied similar to 
the work done by Luz et al.24.  In this approach, a small amount of refractory was 
reacted with the steel/slag system in steps.  At each step the compositional 
variation in steel and slag with dissolution of refractory was taken into account.  
<X> grams of original refractory were reacted with <Y> grams of steel of 
composition shown in Table 1.  The resulting steel was reacted with the same 
amount of original refractory in subsequent steps.  This procedure was repeated 
until saturation of the refractory components in steel/slag was achieved.  In 
similar fashion, refractory was modeled against a combination of steel and slag.  





Figure 6. Schematic of refractory - steel/slag iterative thermodynamic model 
 
 
3.3.1. Thermodynamic Equilibrium between Refractory and Steel 
Based on the dimensional change in the cup test of the refractory (refer to 
Figure 2 and Table 3), the maximum amount of refractory that dissolved in the 
steel was 1 gram after the 4 hour corrosion test.  So, for the thermodynamic 
modeling, 0.2 grams of original refractory was reacted with 10 grams of steel in 
the first reaction step.  An additional 0.2 grams of refractory was reacted in a 
stepwise fashion.  Figure 7 shows the wt. % of each refractory component 





Figure 7. Thermodynamic predictions for the liquid steel composition attained 
after the refractory-steel interaction 
 
 
The increase in silicon and carbon in steel as indicated in Figure 7 can be 
attributed to the dissolution and oxidation mechanism through following chemical 
reactions25:- 
𝑆𝑖𝐶(𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦) =  [𝑆𝑖](𝑠𝑡𝑒𝑒𝑙) +  [𝐶](𝑠𝑡𝑒𝑒𝑙)   (1) 
 [𝐶](𝑠𝑡𝑒𝑒𝑙) +  [𝑂](𝑠𝑡𝑒𝑒𝑙) = 𝐶𝑂(𝑔)   (2) 
 
𝑆𝑖𝐶(𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦) + 2[𝑂](𝑠𝑡𝑒𝑒𝑙) = 𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔)   (3) 
 
SiC was removed from the refractory and silicon and carbon dissolved into 
the liquid steel through dissociation of SiC followed by dissolution as described in 
chemical reaction (1).26,27  Furthermore, carbon in the steel reacted with 
dissolved oxygen to form CO (g) through chemical reaction (2).  Recall the 
decrease (up to 100 ppm) of oxygen in the steel after the experiment (refer to 
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Table 1 and 5).  The mole fraction of CO (g) present in the exit gas as per the 
thermodynamic prediction was of the order of 10-2.  The observed SiC depleted 
region of the refractory (Figure 4(b)) in contact with steel occurred through an 
oxidation mechanism.  The amount of SiO (g) formed was significantly lower (< 
10-4 mole per mole of exit gas) than that of CO (g).  
The removal of boron nitride from the refractory can be explained through 
following chemical reactions11:- 
𝐵𝑁(𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦) =  [𝐵](𝑠𝑡𝑒𝑒𝑙) +  [𝑁](𝑠𝑡𝑒𝑒𝑙)   (4) 2[𝑁](𝑠𝑡𝑒𝑒𝑙) =  𝑁2(𝑔)     (5) 
Based on thermodynamic predictions, boron from the refractory dissolved 
in the steel and reached a maximum of 2.33 wt. %.  Significantly less nitrogen 
dissolved in the steel (~ 0.02 wt. % maximum), although the total nitrogen 
content in the steel was high (~ 1.0 wt. %) (Table 5).  This implies that dissolved 
nitrogen reacted with other elements leading to formation of nitrogen-based 
inclusions in the steel as observed in Figure 5.  The total N2 (g) formed was up to 
0.1 mole per mole of exit gas.  Oxides of boron (such as BO, B2O2, and B2O3) 
were also predicted but were in low concentrations (up to 10-4 mole per mole of 
exit gas).  BN stopped dissolving in the steel after about 0.9 grams of refractory 
dissolution and solid BN starts precipitating.  Mass balance calculations based on 
dimensional change after the corrosion test indicated approximately 1 gram of 
refractory dissolution. 
Zirconium dissolved into steel from zirconia in the refractory and reached 
a maximum concentration of 0.064 wt. % and then decreased.  This implies that 
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ZrO2 is not readily reduced by the steel.  Thermodynamic predicted the formation 
of zirconium nitride (ZrN(s)) and zirconium boride (ZrB(s)) and inclusions of these 
compounds were observed in the steel.  ZrN started forming after 0.6 grams of 
refractory dissolution through the following reaction:- [𝑍𝑟](𝑠𝑡𝑒𝑒𝑙) +  [𝑁](𝑠𝑡𝑒𝑒𝑙) =  [𝑍𝑟𝑁](𝑠𝑡𝑒𝑒𝑙)   (6) 
 
3.3.2. Thermodynamic Equilibrium between Refractory and Steel-Slag 
System 
 
Similar to the refractory-steel calculations, the refractory-steel-slag system 
was also modeled through the iterative approach shown in Figure 6.  The 
maximum amount of refractory that dissolved in the slag through the cup test was 
0.30 grams (refer to Figure 2 and Table 3).  For the thermodynamic model, 0.05 
gram of original refractory was reacted with 2 grams of slag and 10 grams of 
steel in the first reaction step.  In subsequent steps, 0.05 grams of refractory was 
added.  Figure 8 shows the refractory components dissolved in steel and slag as 
a function of the subsequent weight of refractory added for inclusions of 







Figure 8. Thermodynamic predictions for the (a) liquid steel composition, (b) slag 




Again, boron and nitrogen are dissolved into the steel forming nitride 
inclusions; and, there is an increase the boron concentration (Figure 8 (a)).  The 
other refractory components followed the similar mechanisms indicated in Figure 
7.  In the slag (Figure 8 (b)), B2O3 and ZrO2 were formed from the interaction of 
refractory with slag and both increased until saturation was achieved. 
To compare the effect of all types of slag/inclusion on refractory dissolution, 
changes in liquid slag weight were plotted as a function of the subsequent weight 
of refractory added for all inclusion compositions and the data are shown as 
Figure 9.  All the slags (inclusions) behaved similarly.  The slag weight first 









As per the Ellingham diagram (Figure 10), around 1600°C, CO (g) can 
reduce MnO and SiO2.  The CO (g) formed as a result of SiC oxidation (reaction 
3) reacts with MnO and SiO2 in slag forming [Mn] and [Si] causing a drop in slag 
weight and increase in Mn and Si content of the steel (Figure 11).  At the same 
time, B2O3 (2𝐵𝑁(𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦) +  3[𝑂](𝑠𝑙𝑎𝑔) =  [𝐵2𝑂3](𝑠𝑙𝑎𝑔) +  𝑁2(𝑔)) and ZrO2 from 
the refractory dissolves into the slag causing an increase in the slag weight.  The 
rate of decrease of the slag weight depends on the initial MnO and SiO2 content 
of the slag.  Initially when the MnO (SiO2) content of the slag was high the drop in 
slag weight was higher than the weight gained due to B2O3 and ZrO2 formation, 
resulting in a net decrease in the slag weight.  As the MnO (SiO2) content 
decreased the rate of reduction also decreased.  This was evident through 
change in behavior of Mn and Si content in steel (Figure 11).  However, B2O3 and 
ZrO2 continued to dissolve into the slag which leads to a net increase in the slag 
weight.  The removal of MnO and SiO2 from the slag and addition of B2O3 and 
ZrO2 from the refractory into the slag were the two competing process governing 
the dissolution of refractory into the slag.  Once ZrO2 concentration reaches 30 - 
35 wt. % in the slag, saturation is achieved and t-ZrO2 solid starts precipitating as 




Figure 10. Ellingham diagram using FactSage for oxides present in this study (P 
= 1.01x105 Pa) 
 
 
Finally, the MnO and SiO2 content of the liquid slag continues to drop and 
the B2O3 and ZrO2 content adjust (decrease) accordingly to maintain equilibrium.  
B2O3 and ZrO2 precipitate out of the liquid slag to form BN(s) and t-ZrO2. Possible 
reactions for BN(s) formation include:- 
𝐵2𝑂3(𝑠𝑙𝑎𝑔) + 3𝐶𝑂(𝑔) =  2[𝐵](𝑠𝑡𝑒𝑒𝑙) + 3𝐶𝑂2(𝑔)   (7) [𝐵](𝑠𝑡𝑒𝑒𝑙) +  [𝑁](𝑠𝑡𝑒𝑒𝑙) = 𝐵𝑁(𝑠)    (8) 
Inclusion I3 showed another inflection in slag weight history (Figure 9) due to 
formation of mullite which occurred because of the high Al2O3 and low SiO2 







Figure 11. Thermodynamic predictions for the (a) Mn content (b) Si content, of 




Experimentally, it was observed that the dissolution of the refractory was 
high for the inclusions with higher MnO content (Table 3); similar behavior was 
observed through thermodynamic predictions.  A similar argument can be made 
on the basis of SiO2 content in the slag but in the present study there was little 
variation in SiO2 content in all inclusions (Table 2).  Figure 12 shows the 
thermodynamic prediction for B2O3 concentration in liquid slag due to refractory 
dissolution.  This behavior can be correlated to the liquid slag weight plot (Figure 
9).  It can be seen that B2O3 dissolution was more for inclusions with higher MnO 
content, since change in liquid slag weight was higher for these inclusions.  B2O3 
in liquid slag reacts to form solid BN as per chemical reaction (7-8) for all 
inclusions.  For inclusions I3 - I8, the drop in B2O3 in liquid slag was same as 
drop in liquid slag weight (Figure 9), so B2O3 concentration becomes constant 
with increasing weight of the refractory (Figure 12).  However, for inclusions I1 
and I2, the B2O3 reduction was higher relative to the change in liquid slag weight, 
so its concentration decreases for these inclusions with increasing refractory 
weight. 
In this system both MnO and SiO2 were reacting and for inclusions I5 - I8, 
the MnO concentration was between 45 - 55 % and at the same time SiO2 was 
from 30 - 35 %, so an explicit behavior cannot be observed based on MnO 
concentration alone.  The total MnO + SiO2 concentration for inclusions I4 and I6 
are the same, so similar behavior was observed from thermodynamic basis.  The 




Figure 12. Thermodynamic predictions for the B2O3 concentration in liquid slag 




4. CONCLUSIONS  
Corrosion resistance of BN-ZrO2-SiC refractory against ultra-low carbon 
steel and inclusions found in Si-killed was evaluated in this work through 
isothermal interaction tests and thermodynamic simulations.  The following 
conclusions can be drawn based on attained results: 
• A SiC-depleted layer was observed in contact with steel/slag.  No steel/slag 
penetration was observed on the surface of the refractory, so the corrosion 
mechanism seems to be the oxidation of the SiC phase followed by the 
dissolution of other refractory components into the steel/slag. 
• SiC oxidation formed CO (g) which reduced the weaker oxides (MnO, SiO2) in 
the slag.  
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• The refractory component BN and ZrO2 dissolved in steel/slag until saturation 
was achieved.  
• Dissolution of the refractory was more severe in steel compared to slag, since 
the saturation limit of boron in steel is much higher compared to saturation of 
B2O3 in slag.   
• Inclusions having higher MnO concentration lead to more dissolution of the 
refractory owing to the fact that MnO is the least stable oxide among the others 
present in the study.  Therefore, MnO will be reduced by SiC in the refractory or 
by the CO (g) formed as a result of SiC oxidation.  
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The mechanism and kinetics of corrosion of BN-ZrO2-SiC 
(MYCROSINT®SO43) by molten Si-killed steel was studied.  Isothermal corrosion 
tests were performed for duration between 2 to 8 hours.  Refractory and steel 
composition and morphology changes were investigated.  A kinetic model using 
process simulation software METSIM and thermochemical software FactSage 
was developed to understand refractory-steel interactions.  The corrosion 
process showed a deviation from parabolic kinetics and was fitted by a 
combination of linear and parabolic terms. It was determined that corrosion of the 
BN-ZrO2-SiC refractory was governed by dissolution of SiC and BN and removal 
of ZrO2 as the other phases were eliminated.  
  
1. INDRODUCTION 
Boron nitride (BN)-based refractories are used in thin-strip casting of steel 
as containment material (side-dams) for the melt pool.1-3  These refractory side-
dams are subjected to mechanical stress by pressing against the rolls, corrode 
due to contact with liquid steel, wear due to contact with copper rolls and 
solidifying steel strip and suffer from thermal shock due to initial contact with 
liquid steel.2  BN-based ceramics containing monoclinic zirconia are commonly 
used side-dam materials.3,4  Addition of ZrO2 as a second phase into a BN-based 
composite improves thermal shock resistance by increasing fracture toughness 
and decreasing elastic modulus.5,6  In addition, ZrO2 improves the corrosion 
resistance of BN-based ceramics against molten steel and slag.7  However, 
 
 81 
mismatch of thermal expansion coefficients (CTE) between BN and ZrO2 (CTE of 
h-BN is 2.9x10-6/°C (┴) and 40.5x10-6/°C (ll); and CTE of ZrO2 is 10.1x10-6/°C) 
causes the possibility of failure of BN-ZrO2 composites.8,9  Addition of compound 
with low CTE (4.46x10-6/°C (┴) and 4.16x10-6/°C (ll)) such as SiC into BN-ZrO2 
ceramics reduces the negative effect of thermal expansion mismatch and also 
improves the mechanical properties of the composite.9,10 
MYCROSINT®SO43 used in this study is a BN-ZrO2-SiC composite 
material manufactured by ESK Ceramics GmbH & Co. KG, Kempten, Germany11.  
Typical properties of this material were reported by Eicher et al.2.  Previously, 
interaction of this ceramic material with inclusions in Si-killed steel was studied.12  
It was determined that corrosion of BN-ZrO2-SiC refractory occurs through a 
dissolution mechanism and was more severe in contact with steel compared to 
slag.  In the present work, an attempt has been made to understand the 
corrosion kinetics of this material with Si-killed steel in a controlled atmosphere.  
The corrosion kinetics were studied through interactions between the BN-ZrO2-
SiC refractory and liquid steel in nitrogen gas atmosphere.  Isothermal corrosion 
tests were performed for varying amount of time to measure the effectiveness of 
this refractory against Si-killed steel.  Additionally, process simulation software 
METSIM13 and thermochemical software FactSage 6.414 were used to 






2. EXPERIMENTAL PROCEDURE 
Low alloyed Si-killed steel, of known chemistry (Table 1), obtained from 
thin-strip casting was used to perform isothermal corrosion tests with BN-ZrO2-
SiC refractory.  The kinetics of corrosion of this refractory were studied against 
Si-killed steel. 
 
Table 1. Elemental composition of steel used for the kinetics studies 
Element C Si Mn P Cr Mo Ni Cu Zr Fe 
Wt. (%) 0.018 0.112 0.474 0.034 0.142 0.048 0.157 0.244 0.001 Bal. 
Element LECO O LECO N 
ppm 120 52 
 
 
A BN-ZrO2-SiC refractory brick with dimensions 100 mm X 100 mm X 50 
mm was machined to have four-cups of different diameters.  A lid was prepared 
from the same material and a hole of diameter 6.35 mm (0.25 inch) was 
machined at the center to allow for injection of nitrogen gas.  A groove was 
machined on the bottom refractory brick for the lid to fit securely.  A schematic of 




Figure 1. Schematic of the experimental setup for the isothermal corrosion tests 
 
 
Each of the cups was filled to 70% capacity with steel of composition 
shown in Table 1. The size and amount of steel filled in each cup is shown in 
Table 2. 
The entire system was placed in a furnace and nitrogen gas (99.999% 
purity) was introduced at the rate of 1 standard liter/min through the gas inlet on 
the lid.  The refractory-steel system was heated at 300°C/hour up to 1000°C 
followed by 180°C/hour up to 1600°C and then maintained at 1600°C for different 
periods of time.  Three sets of experiments were performed in similar fashion for 
holding times of 2, 4 and 8 hours at 1600°C.  Following the heating schedule, the 




Table 2. Size of cup along with weight of steel filled in each cup 
Diameter (mm) Height (mm) Weight of steel (gram) 
(70%filled) 
12.70 (1/2 inch) 19.05 13.2 
15.88 (5/8 inch) 19.05 20.6 
19.05 (3/4 inch) 19.05 29.6 
25.40 (1 inch) 19.05 52.7 
 
 
Each cup was then sectioned vertically close to the center to measure the 
change in its diameter.  The dimensional change of the cup was measured, using 
the Image J software15, with respect to the dimension at the unreacted region.  
Off-center cross-sectioning was detected by measuring the width of the section 
at the un-corroded top and other dimensions were adjusted accordingly. 
One-half portion of the cup was mounted in epoxy resin along the cross-
section and was polished and gold sputtered to achieve high resolution scanning 
electron microscopy images.  Microstructure and compositional analysis were 
performed to study refractory-steel interaction using automated scanning electron 
microscopy equipped with energy dispersive X-ray spectroscopy (ASPEX 1020, 
FEI, Delmont, PA).  Elemental composition of steel present in each cup was 
measured using arc-spectroscopy (Foundry Master UV, Oxford Instruments 
Analytical GmbH, Uedem, Germany).  Total oxygen and nitrogen of steel was 






3. RESULTS AND DISCUSSION 
3.1. Analysis of Refractory 
A change in geometry of all the cups was observed with time after the 
corrosion test.  An increase in diameter was observed, however, the change in 
diameter was not the same throughout the contact area between the refractory 
wall and steel.  A representative sample cut along the center of the cup having 
steel removed with measured dimensions is shown in Figure 2 (a). 
As shown in Figure 2 (a), diameter along the height of the sample was not 
the same for the region filled with liquid metal.  Near the top (black part in Figure 
2 (a)) of each cup, a ZrO2-rich slag region (Figure 2 (b) and Figure 2 (c)) was 
observed which formed by removal and flotation of refractory oxide.  This slag 
layer would inhibit dissolution of the refractory portion in contact with the slag.  
The size of this ZrO2 protective barrier varied with amount of refractory dissolved 
in steel and diameter of cup.  Below this region, the refractory in contact with 
steel had no attached layer.  The solidified steel could be removed easily from 
each cup showing the non-wetting characteristic of this ceramic against liquid 
metal.  
Initially, each cup was filled up to 70 % height.  Before the corrosion of the 
refractory, the liquid steel level would be the maximum (~70%).   As refractory 
corrosion progresses, the cup diameter increased. As a result of this, the liquid 
steel level would drop gradually and the cup shape as observed in Figure 2 (a) 
will be obtained.  The ZrO2 particles separating from the refractory would float in 
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the steel and stick to the refractory wall at the top.  As the liquid steel level 
dropped, this ZrO2 layer would attach at lower height (< 70% height). 
The change in the diameter of the cup in contact with steel, calculated using 
dimensions Dsteel and D0 as shown in Figure 2 (a), are reported in Table 3.  For 
both Dsteel and D0, multiple measurements were taken in the steel and unreacted 





Figure 2. (a) Appearance of the empty cup after the isothermal interaction test 
used for measurement of dimensional change and after steel has been removed, 
where, Do: Original diameter of the cup, Dslag: Diameter at the slag level, and 
Dsteel: Diameter at the steel level; (b) ZrO2-rich slag (ZrO2 ~ 80% and FeO, MnO, 
SiO2 < 10%) attached to the refractory near the top; and; (c) ZrO2-rich slag phase 








Figure 2. (a) Appearance of the empty cup after the isothermal interaction test 
used for measurement of dimensional change and after steel has been removed, 
where, Do: Original diameter of the cup, Dslag: Diameter at the slag level, and 
Dsteel: Diameter at the steel level; (b) ZrO2-rich slag (ZrO2 ~ 80% and FeO, MnO, 
SiO2 < 10%) attached to the refractory near the top; and; (c) ZrO2-rich slag phase 
with spherical Fe particles. (cont.) 
 
 
The diameter of the cups increased indicating that dissolution of the 
refractory was taking place over time.  With prolongation of the corrosion time, 
more dissolution of the refractory was observed.  Although, for a particular 
holding time, depth of dissolution of the refractory was almost constant with 
increase in cup diameter as shown in Table 3.  The dissolution depth for cups of 
12.70 and 25.40 mm diameter for 8 and 2 hours of corrosion time were identified 






Table 3. Depth of dissolution for different cup diameters with time 
 (∆D) (mm) 
Diameter (mm) 2 hours 4 hours 8 hours 
12.70 0.85 1.00 1.17 
15.88 0.87 1.02 1.33 
19.05 0.82 1.03 1.31 




For all the cup diameters shown in Table 2, the refractory-steel interface 
looked similar to micrograph shown in Figure 3.  The corroded microstructures 
were the same as previous work done by Chen et al.16,17 and Kumar et al.12.  The 
retained portion of refractory can be divided into reacted and unreacted regions.  
Unreacted region was the portion which was unchanged refractory.  In the 
reacted region, large numbers of pores were observed in the corroded 
microstructure.  The outer portion of the reacted region close to steel was 
comprised mainly of pores and a ZrO2-rich phase.  The unreacted region had 
decreased porosity and a dense transition layer was apparent.  Thus, the 
corrosion in the reacted region can be divided into two layers: porous layer and 
transition layer.  The individual micrographs of these layers are shown in Figure 
4. In the porous layer, molten steel started to infiltrate into the refractory, leading 
to dissolution and/or removal of BN.  Also, this layer was completely devoid of 





Figure 3. Scanning electron microscope image and line scan (average of three 
scans) of Si across the refractory-steel interface for cup of diameter 12.70 mm (½ 
inch) after 4 hours of corrosion test 
 
 
The content of Si (SiC) in the refractory material shows a sharp decline 
across the interface layer from unreacted region to reacted region to steel. This 
behavior was identified through a line scan across the refractory-steel interface 
(Figure 3).  Three line scans were performed 50 µm apart and the average value 
was plotted.  
The removal of SiC from the refractory can be attributed to a dissolution 
mechanism through the following chemical reactions17: 
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𝑆𝑖𝐶(𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦) =  [𝑆𝑖](𝑠𝑡𝑒𝑒𝑙) +  [𝐶](𝑠𝑡𝑒𝑒𝑙)   (1) 
 [𝐶](𝑠𝑡𝑒𝑒𝑙) +  [𝑂](𝑠𝑡𝑒𝑒𝑙) = 𝐶𝑂(𝑔)   (2) 
 
SiC was removed from the refractory and silicon and carbon dissolved into the 
liquid steel through dissociation followed by dissolution as described in chemical 
reaction (1).18,19  In addition, SiC could oxidize to generate gaseous species 
through the following chemical reaction:  
 
𝑆𝑖𝐶(𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦) + 2[𝑂](𝑠𝑡𝑒𝑒𝑙) = 𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔)   (3) 
Although, less oxygen (120 ppm) was available in the system to promote 
oxidation mechanism.  For all the refractory samples (Table 2), average line scan 
was plotted in a similar way as reported in Figure 3. All the line scan plots 
showed similar trends for Si concentration at the refractory-steel interface.  
Total corrosion depth which consists of dissolution depth and depth of reacted 
region was measured for each cup.  Dissolution depth is defined as the portion of 
the refractory dissolved and/or removed in steel, while, the reacted region 
consists of the portion retained in the refractory with difference in chemistry and 
morphology from the original material.  The data reported in Table 3 represents 







Figure 4. Scanning electron microscope images of different layers at refractory-
steel interface for cup of diameter 12.70 mm (½ inch) after 4 hours of corrosion 






Figure 4. Scanning electron microscope images of different layers at refractory-
steel interface for cup of diameter 12.70 mm (½ inch) after 4 hours of corrosion 
test, (a) unreacted region, (b) transition layer, and, (c) porous layer (cont.) 
 
 
Based on the Si profile, reacted region of the retained refractory was 
measured using the Image J software and reported in Table 4.  As described 
above, reacted region consisted of a porous layer and a transition layer.  Porous 
layer was considered to be the region with Si content between 0 – 10 % and 
transition layer Si content was between 10 – 90 % of the original Si volume % in 
the refractory.  Even though, the depth of reacted region seemed to increase with 
time, a clear trend could not be established.  The depth of reacted region was an 
order of magnitude smaller than the dissolution depth, so it had less (< 10%) 





Table 4. Depth of reacted region of the retained refractory 
 Reacted Depth (µm) 
Diameter (mm) 2 hours 4 hours 8 hours 
12.70 106 163 216 
15.88 112 68 226 
19.05 107 135 170 




In the case of nitride, previous studies on pure AlN, AlN-BN and AlN-C 
corrosion by molten steel have shown that corrosion of nitride ceramics take 
place via dissolution of nitrides in liquid metal.20  The dissolution of BN can be 
attributed to the following chemical reactions21: 
𝐵𝑁(𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦) =  [𝐵](𝑠𝑡𝑒𝑒𝑙) +  [𝑁](𝑠𝑡𝑒𝑒𝑙)   (4) 2[𝑁](𝑠𝑡𝑒𝑒𝑙) =  𝑁2(𝑔)     (5) 
Decomposition and dissolution of boron nitride as boron and nitrogen in steel 
was possible through chemical reactions (4)-(5).  
Direct oxidation of boron nitride by dissolved oxygen in liquid steel can take place 
through the following chemical reaction: 
𝐵𝑁(𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑜𝑟𝑦) + 3[𝑂](𝑠𝑡𝑒𝑒𝑙) =  𝐵2𝑂3(𝑔) +  𝑁2(𝑔)   (6) 
This reaction will lead to formation of gaseous components.  Air leakage into the 
experimental setup can possibly lead to this reaction.  In addition, any small 
amount of dissolved oxygen present in the steel would first have reacted with SiC 




3.2. Chemical Analysis of Steel 
The chemical analysis of steel from each cup after 2, 4, and 8 hours of 
corrosion test was performed using arc-spectroscopy.  Elemental composition of 
steel obtained after the tests are shown as Table 5. 
 
 
Table 5. Elemental composition of steel in each cup after the corrosion test with 
P: 0.003, Mn: 0.3 – 0.4, Ni: 0.12, Cu: 0.21 – 0.25, Cr: 0.12, Mo: 0.04, Zr > 0.003 
and Fe: balance (all values are in wt. %) 
 
Element Si (wt. %) C (wt. %) N (ppm) O (ppm) 
Diameter (mm) 2 Hours 
12.70 0.674 0.022 329 21 
15.88 0.554 0.021 339 25 
19.05 0.544 0.018 344 19 
25.40 0.460 0.019 354 27 
 4 Hours 
12.70 0.771 0.017 302 18 
15.88 0.729 0.017 300 30 
19.05 0.670 0.020 306 21 
25.40 0.598 0.020 320 21 
 8 Hours 
12.70 0.991 0.016 205 19 
15.88 0.959 0.014 228 21 
19.05 0.729 0.012 269 27 
25.40 0.651 0.011 294 22 
 
 
Relative to the initial steel chemistry (Table 1), an increase in Si content is 
observed after the corrosion test.  The increase in Si content in the steel can be 
explained through removal of SiC from the refractory via dissolution.  For a 
particular cup diameter, Si content increased with corrosion time, which was 
consistent with dissolution depth reported in Table 3.  At the same time, Si 
content decreased with increasing cup diameter for a given period.  The carbon 
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content in the initial steel was 0.018 wt. % (Table 1).  Based on the Si content in 
the final steel, the amount of C dissolved in the steel (due to SiC dissolution) 
should be between 0.2 – 0.4 wt.%. However, the C measured was only between 
0.011 – 0.020 %. The observed de-carburization of the steel can be attributed to 
air-leakage into the experimental setup leading to formation of CO (gas).  
To determine the amount of boron nitride removed from the refractory and 
dissolved as boron and nitrogen in steel, the nitrogen content of the steel was 
measured using LECO O and N analyzer and is reported in Table 5.  The total 
nitrogen content present in each cup was between 200 to 350 ppm. The total 
nitrogen content in the steel decreased with increase in corrosion time for a fixed 
diameter cup; however, it increased slightly with increase in cup diameter for 
constant corrosion time.  
There was a decrease in oxygen content of steel of between 90 – 100 
ppm after the corrosion test (refer to Table 1 and 5).  The decrease in oxygen 
reflects the final state of equilibrium in the steel at the end of the reaction period, 
after SiC decomposition and de-C by leakage oxygen, and the low CO% in the 
off-gas.    
 
3.3. Kinetic Modeling of Refractory-Steel Interaction 
 
A kinetic model was developed to study the interaction between the BN-
ZrO2-SiC refractory and steel using METSIM software (Proware, Tucson, AZ) 
and FactSage 6.4.  METSIM is a general purpose process simulation software 
which can be used to perform mass and energy balances for metallurgical 
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processes.13  METSIM software has different unit operations (UOPs) which can 
be combined to develop flow-sheets.  Three types of UOPs were used for the 
refractory-steel kinetic METSIM model:  1) the Mixer module (MIX), 2) Phase 
Splitter module (SPP) and 3) the Free Energy Minimizer module (FEM).  The 
Mixer operation performs complete mixing of input streams into one output 
stream.  The Phase Splitter operation splits one or more input streams into two or 
more output streams each of which is a separate phase or a mixture of phases.  
The FEM module calculates the chemical equilibrium based on minimizing the 
Gibb’s Free Energy, and then outputs the products in the same way as an SPP.  
For these UOPs, all chemistry calculations are performed prior to generating the 
output streams. 
The logical scheme of the basic reactor unit was previously developed by 
Robertson22 using METSIM software to study kinetics of reaction between 
multiple phases such as metal-slag-gas.  In the basic reactor unit a recirculating 
stream represents the volume of the bulk phase, as shown in Figure 5.  Peter et 
al.23 used multiple basic reactor units to study reaction kinetics in an LMF.  
Similar structure was used in a kinetic model for vacuum tank degasser by 
Thapliyal et al.24 to study degassing reactions and steel-slag interactions at low 
pressures (~100 Pa).  Refractory-steel interactions can also be studied in 




Figure 5. Illustration of basic reactor unit to represent each phase of the multi-




In the present system, steel interacts with the BN-ZrO2-SiC refractory in N2 
rich atmosphere which results in its dissolution as well as oxidation.  The reacted 
steel comes into contact with unreacted refractory surface as the dissolution front 
moves into the refractory. To model this process, basic reactor units were used 
for the steel, refractory and slag phases.  An FEM unit operation was used for the 
steel-slag-refractory-gas reaction interface.  Streams from each of the phases 
were flown into the FEM along with a gas phase.  Figure 6 shows a 
representation of the complete METSIM model.  In the model shown in Figure 6, 
the steel and slag were considered to be perfectly mixed phases.  Whereas, for 
the refractory phase, only the refractory material available through the pores 
along with the new unreacted refractory exposed during the time step at the 





Figure 6. Illustration of the multi-phased METSIM model to study Steel-
Refractory interaction in N2 atmosphere. The slag phase forms as a part of this 
interaction and also takes part in the reaction. 
 
 
Previously, several physical and empirical models had been developed for 
the description of corrosion processes in ceramic matrix composites.25  For 
oxidation of non-oxides in a composite matrix, a parabolic law is often used to 
describe the process. The corrosion of BN-ZrO2-SiC ceramic by liquid steel 
involves oxidation, dissolution and removal of the refractory components.  In this 
scenario, a deviation from parabolic kinetics occurs and can be described 
through both linear and parabolic terms as follows25,26: 
𝑥 = 𝑘1 𝑡 +  𝑘2√𝑡     (7) 
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where, x is the total corrosion depth and k1 and k2 are the linear and parabolic 
rate constants respectively.  The values of linear (2.0 µm/min) and parabolic 
(31.8 µm/min0.5)  rate constants were calculated by Lei Chen et al.16 which have 
been used in this study to determine the amount of unreacted refractory available 
for reaction at each time step.  The rate equation is for a flat surface calculating 
the total corrosion depth (x) in a linear direction.  However, for these experiments 
we have cylindrical cups, so the rate equation should be modified to account for 
the corrosion depth in the radial direction.  From the experimental values, it was 
observed that the change in diameter (ΔD) of the cups was less than 10% of the 
original diameter in all cases (Table 3).  So, the ΔD/D0 value is small and the 
corrosion process can be assumed to be planar, thus, the rate equation above 
(equation 7) can be used for the experiments. This assumption was justified by 
nearly constant values of ΔD with diameter for any given time (Table 3).   
The flow rate in the recirculating streams for the steel and refractory phase were 
varied depending upon the diameter of the cup.  METSIM is very efficient in 
designing process flow-sheets to calculate mass and heat balance.  However, 
the database used for its FEM calculations does not include all the possible 
solids, liquids, and solutions.  To avoid the limitations of the METSIM database 
and FEM, the kinetic model shown in Figure 6 was replicated in FactSage using 
a macro program.  The macro program utilized the “Equlib” module of FactSage, 
considering the slag, solid-solutions, and all possible liquids, solids, and gases as 
the possible phases.  The databases used in this study were: FSstel (compound 
and solution database for steel), FTdemo (gas species, solid and liquid 
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compound database) and FToxid (compounds and solutions for oxide 
databases). 
For each of the MIX-SPP combinations in the METSIM model, a FactSage 
equilibrium model was defined to calculate the equilibrium on mixing different 
streams.  A separate equilibrium model was used for the FEM module used in 
the METSIM model.  Initially (t = 0 min), streams were created for overall steel, 
refractory and slag shown by the recirculating streams in Figure 6.  The weights 
of these steel and refractory streams were selected based on the cup size (Table 
2).  Whereas, the initial slag volume was taken as zero.  A gas stream was 
created with the same composition as used in the experiment.  A fraction (1/10th) 
of steel, refractory and slag were then used for equilibrium calculations along 
with the amount of gas determined by its constant flow-rate (1 liter/min).  The 
equilibrium between steel-refractory-gas-slag was calculated. As a result of these 
calculations, following products were formed: a) liquid steel (with Si, C, B and N); 
b) solids (containing refractory components); c) ZrO2 tetragonal solid solution 
(with FeO and MnO); d) slag; and e) exit gases.  The output streams were saved 
as reacted streams for liquid steel, ZrO2-tetragonal solid solution (Refractory part 
1), solids (Refractory part 2) and slag phases.  Whereas, the gases formed were 
not taken into account for further calculation and was considered as exit gas.   
The reacted steel was then mixed into the remaining steel (in the bulk steel 
volume) at each time step to calculate (using equilibrium) the overall steel 
chemistry for subsequent time steps.  Similarly, the slag and overall refractory 
chemistries were also calculated.  In case of the refractory phase, fresh 
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unreacted refractory was added to the overall refractory phase at each time step.  
The amount of fresh refractory was calculated using the rate equation (equation 
7).  With every time-step, the overall reacted refractory volume increased as per 
the rate equation calculation.  The refractory volume consisted of two parts, all 
solids and ZrO2-tetragonal solid solution.  Fresh input gas was reacted to the 
steel-refractory-slag system at each time step and the amount of the gas was 
kept constant.  Each time step was equal to 1 minute and the model was run for 
8 hours (maximum experiment duration). 
From the model, the composition of the steel was determined over time for 
different cup diameters.  The refractory components dissolving in steel were 
plotted with time and compared with the experimental data.  Figure 7 shows the 
variation of Si in steel from the kinetic model and experimental findings. 
 





Figure 7. Comparison of Si in liquid steel for different cup diameter from (a) 





The model prediction trends were in accordance with the experimental 
data.  As stated earlier, the Si content increased in steel on prolonging the 
corrosion time for each cup diameter. However, for a particular corrosion time, Si 
content increased with decrease in the cup diameter. This behavior can be 
attributed to the increase in surface to volume ratio with decreasing cup 
diameter, as SiC dissolution will only be governed by the amount of unreacted 
refractory that comes in contact with liquid steel.  For the model, the amount of 
unreacted refractory was calculated by using the rate equation (equation 7) and 
constant volume fraction (volume of refractory stream entering the FEM); 
however, experimental data showed a change in behavior after 2 hours of 
corrosion test.  This can be explained by the slowing of boron-nitride dissolution 
due to saturation of steel with boron and nitrogen.  After this time, unreacted SiC 
would come in contact with steel only through the pores formed, which slowed its 
dissolution.  This is why the experimental data of Si content in steel were lower 
than the model predictions.  
The nitrogen content in the steel as predicted by the model and the 
experimental results are shown in Figure 8.  From the figure it can be observed 
that the model predictions are slightly higher (50 ppm) than the experimental 
results.  The experimental data were only available for minimum 2 hours of the 
corrosion test, so, no comparisons can be made for the model predictions before 
2 hours.  Both the model and the experimental data showed that nitrogen content 
in steel initially increased with time and then dropped.  Also, for the experiment, 
the steel samples were allowed to cool in air from 1600°C and the nitrogen 
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content was measured at room temperature.  As the dissolution limit of nitrogen 
in steel decreases with temperature, steel would lose some of its nitrogen to the 
atmosphere until it solidifies.27  Maximum solubility of nitrogen in liquid Fe is 
around 450 ppm.27  The solubility of nitrogen decreases with the amount of B, Si 
and C in steel.  Hanqui et al.28 reported that in Fe-C-Si-Mn melt the solubility of 
nitrogen at 1600°C (S1600°C) can be expressed as: ln 𝑆1600°𝐶  = − 3.219 − 0.235[%𝐶] − 0.161[%𝑆𝑖] + 0.030[%𝑀𝑛] (8) 
 
Further, with decreasing temperature, the effect of the dissolved elements 
becomes stronger, which would lead to further drop in the nitrogen content.27  As 
Si content increases with decrease in cup diameter (Figure 7), it will lower the 
solubility of nitrogen in steel.  So, the nitrogen content decreases with decreasing 







Figure 8. Comparison of nitrogen (N) in liquid steel for different cup diameter 




The behavior of boron in steel was predicted to be similar to nitrogen as it 
would be governed by chemical reaction (4).  The BN removed from the 
refractory will dissolve in steel until the solubility product of BN was reached, with 
the dissolved nitrogen value being fixed at that for the steel saturated with 
nitrogen at 1.01x105 Pa pressure.  The remaining BN will be left as unreacted 
particles, some of which were observed in steel.   
The other refractory component ZrO2 being a stable oxide will not dissolve 
in steel.  Thermodynamically, formation of ZrO2-tetragonal solid-solution was 
predicted, which would float in steel owing to its lower density.  Experimentally, 
ZrO2 particles were observed as the major component of the slag layer (Figure 
2).  
Figure 9 shows a schematic of corrosion process of the BN-ZrO2-SiC 
refractory with steel over time.  At t=0, SiC dissolves in steel to form Si and C, 
and BN dissolves in steel as B and N.  As a result only the ZrO2 will remain at the 
surface.  The high porosity (due to BN and SiC dissolution) would aid the 
removal of ZrO2 from surface.  With the progress of the refractory dissolution, the 
Si, C, B and N in the steel would increase.  Si and C have higher dissolution limit, 
so the SiC which comes in contact with the steel will continue to dissolve.  
However, the dissolution of BN would be limited by the N2 pressure as per 
chemical reactions (4) and (5).  The dissolution of BN would slow with time and 
ultimately cease.  The removal of ZrO2 would be limited by the dissolution 
process, as it would be removed only when a certain critical porosity is achieved 
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in the refractory layer.  SiC dissolution will also be affected by this process, as it 




Figure 9. Schematic of the corrosion process showing a build-up of a thin slag 




The corrosion behavior of BN-ZrO2-SiC refractory was studied with Si-
killed steel.  A kinetic model was developed using METSIM and FactSage 
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software.  The following conclusions can be drawn based on experimental and 
thermodynamic results: 
• During the interaction of these refractories with steel, corrosion occurs via 
three processes: oxidation, dissolution, and removal.  SiC and BN could 
also oxidize depending on the availability of dissolved oxygen in steel.  
Both of these non-oxides dissociate and dissolve into steel.  ZrO2 being a 
stable oxide doesn’t react but the ZrO2 particles in the composite are 
removed with time due to loss of the matrix structure.  
• SiC continued to dissolve in the steel because of higher solubility of Si and 
C. However, the dissolution of BN was limited in steel by its saturation limit 
and the presence of the nitrogen rich environment.  The saturation limit of 
BN was further reduced due to SiC dissolution in steel.  
• SiC and BN dissolution created porosity in the refractory.  Once the 
saturation limit of BN was achieved, only SiC dissolution would occur by 
the diffusion of liquid metal through the open pores.  
• Corrosion behavior of these refractories can be explained through a rate 
equation with linear and parabolic terms.  However, with increase in Si 
and C content in steel (due to SiC dissolution) would reduce BN 
dissolution, hence, the rate constants should be adjusted accordingly.  
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The corrosion behavior of BN-ZrO2 and BN-ZrO2-SiC by liquid steel was 
studied to understand its application in thin-strip casting of steel.  The corrosion 
process begins with oxidation of BN(s) and SiC(s) at temperature above 1400ºC.  
This creates a layer partially depleted in BN(s) and SiC(s) on all exposed 
surfaces of the refractory.  At temperatures above the melting point of steel, 
dissolution of BN(s) and SiC(s) begins in addition to the gaseous transport 
forming a ZrO2-rich porous layer followed by a transition layer beneath the 
porous ZrO2 layer.  The gaseous reactions between the molten steel and the 
refractory take place by CO(g)/CO2(g) transport across the porous layer, leading 
to formation of boron oxide vapors and SiO(g).   
 
1. INTRODUCTION 
 In thin-strip casting of steel, special refractory components, referred to as 
core-nozzles and side-dams, are used to deliver molten steel to the rolls, in 
addition to traditional ladle and tundish refractories.1,2  The thermal, mechanical, 
and chemical demands on these components limit the selection of refractory 
materials.  Boron nitride (BN)-based ceramics are commonly used as the side-
dam material and often incorporate monoclinic zirconia (m-ZrO2) and/or silicon 
carbide (SiC) in the formulation.3-6    
Previously, interaction of BN-ZrO2-SiC refractory with inclusions in Si-killed 
steel was studied by the authors in an argon environment.7  It was determined 
that corrosion of this refractory occurred through oxidation of SiC(s) and 
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dissolution and/or removal of other refractory components in contact with 
steel/slag.  The corrosion was more severe for refractory in contact with steel 
compared to slag.  Later, corrosion kinetics of BN-ZrO2-SiC refractory was 
studied against liquid steel in a nitrogen environment.8  It was established that 
non-oxide components, i.e. BN and SiC, dissociated and dissolved in steel, while 
ZrO2 particles were removed due to loss of the matrix structure.  In both these 
studies, a SiC-depleted region was observed in contact with steel (beneath a 
ZrO2-rich porous layer) and in contact with gaseous atmosphere.  This layer was 
formed through an oxidation process that involved gas transport inside the 
porous layer under the melt.  No mechanism for the layer formation was 
proposed by the authors.  Fahrenholtz et al.9,10 described the formation of a SiC-
depleted layer, beneath a silica-rich glassy layer during oxidation of ZrB2-SiC in 
air at 1500ºC.  They reported that a high vapor pressure of SiO(g) led to the 
active oxidation of SiC (chemical reaction 1), resulting in the formation of SiC-
depleted layer.10   
𝑆𝑖𝐶 +  𝑂2(𝑔) = 𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔)    (1) 
In the present work, a comparative study was conducted to understand 
the involvement of gaseous species in corrosion mechanism of BN-ZrO2 (ZB) 
and BN-ZrO2-SiC (ZBS) composites with ultra-low-carbon steel in a controlled 
N2(g) environment.  Isothermal corrosion tests were performed to measure the 
effectiveness of these refractories against liquid steel.  In addition, oxidation 
behavior of these refractories was studied using volatility diagrams at different 
temperatures under a N2(g) environment with and without liquid steel.  The 
 
 114 
volatility diagrams were plotted using thermochemical software FactSage 6.411.  
Possible corrosion mechanisms were proposed for both the composites. 
  
2. EXPERIMENTAL PROCEDURE 
Ultra-low-carbon steel of chemistry shown in Table 1 was used to perform 
isothermal corrosion tests with BN-ZrO2 and BN-ZrO2-SiC refractories.  
  
Table 1. Elemental composition of steel used for the corrosion tests 
 
Element C Si Mn P Cr Mo Ni Cu Al Fe 
wt. (%) 0.004 0.019 0.072 0.030 0.027 0.007 0.034 0.016 0.033 Bal. 
Element O N 
ppm 100 50 
 
 
Hot pressed h-BN based commercially available refractory, of chemical 
composition and physical properties shown in Table 2, was evaluated for 
corrosion by liquid steel.  
 
 
Table 2. Chemical composition and physical properties of h-BN based 
composites 
 




h-BN 60 48 
m-ZrO2 40 43 
SiC 0 9 
B2O3 < 3 < 2 
Physical 
properties 
Bulk density (g/cm3) 2.60 2.92 





For each composition, a refractory block of dimensions 30 mm x 30 mm x 
35 mm was machined to contain a cup of 20 mm diameter and 25 mm height.  
Each of the cups was filled to 70% capacity with steel pellet of composition 
shown in Table 1.  All the cups filled with steel were kept together on an alumina 
base plate and covered with an alumina-dome with a hole at the center of the 
dome for injection of gas. The alumina-dome covering was sealed with the base 
plate using calcium-aluminate cement in order to minimize any oxygen ingress 
and dried for 4 hours at 110°C.  A schematic of the experimental setup is shown 




Figure 1. Schematic of the experimental setup for the corrosion test 
 
 
The entire system was placed in a furnace and nitrogen gas (99.999% 
purity) was introduced at the rate of 1 standard liter/min through the gas inlet on 
the alumina-dome.  Prior to injection, the N2(g) was percolated through BTS 
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Catalyst (CuO) with titanium at 600ºC to further reduce the oxygen partial 
pressure.  The refractory-steel system was heated at 300°C/hour up to 1000°C 
followed by 180°C/hour up to 1600°C and then maintained for a period of 2 
hours.  Following the heating schedule, the furnace was cooled no faster than 
300°C/hour to room temperature while maintaining N2(g) flow. 
Each cup was then sectioned diametrically to determine any change in 
diameter using the Image J software12, with respect to the dimension of the 
unreacted region.  Off-center cross-sectioning was detected by measuring the 
width of the section at the un-corroded top and all measurements were adjusted 
accordingly.  Multiple assessments of the steel and unreacted region diameters 
were acquired, and average values were reported with standard deviations. 
One-half portion of the cup was mounted in epoxy resin and polished for 
microstructure analysis.  Cathodoluminescence (Technosyn 8200 Mk II, CITL, 
UK) microscopy was used to identify the reaction layers at both the refractory-
steel and refractory-gas interfaces.  Elemental composition of steel present in 
each cup was measured using arc-spectroscopy (Foundry Master UV, Oxford 
Instruments Analytical GmbH, Uedem, Germany).  Total oxygen and nitrogen of 
steel was measured using LECO O and N analyzer (TC 500, LECO, St. Joseph, 
MI) and total C was measured using LECO C and S analyzer (CS 600,LECO, St. 






3. RESULTS AND DISCUSSION 
3.1. Experimental Findings 
An increase in diameter of the cups was observed along the steel-
refractory interface after the corrosion test.  The diametral change was assessed 
using the technique described by Kumar et al.7,8.    A schematic of the cup 
appearance filled with steel after the corrosion test is shown in Figure 2.  
 
 
Figure 2. Schematic of the cup after the corrosion test 
 
 
The corroded cup can be divided into the following regions/layers based 
on the morphology: 
• Transition layer: SiC and/or BN depleted layer (note that SiC and/or BN 
were only partially depleted and not fully removed) 
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• Dissolution Depth: portion of refractory dissolved and/or removed in steel 
• Porous layer: ZrO2-rich porous layer which can become mechanically 
unstable with time and break. 
• Unreacted  refractory: unaffected BN-ZrO2 or BN-ZrO2-SiC refractory   
The presence of these layers was verified using Cathodoluminescence 











Figure 3. Cathodoluminescence photo-micrographs of (a) refractory-gas interface 
for ZB above the melt; (b) refractory-steel interface for ZB below the melt; (c) 
refractory-gas interface for ZBS above the melt; and (d) refractory-steel interface 




As shown in Figure 3, the porous and transition layers were identified 
through change in luminescence characteristics of the polished refractory cross-
section.  CL color and intensity depends on the refractory components.  This can 
be observed by comparing CL micrographs of ZB (Figure 3 (a) and 3 (b)) and 
ZBS (Figure 3 (c) and 3 (d)).  Based on CL images (verified with SEM-EDS 
analysis), it was observed that the transition layer in ZB was partially depleted in 
BN(s), while that of the ZBS refractory was formed due to partial depletion of 
SiC(s) and BN(s).  The observed diametral changes are included as Table 3. 
   
Table 3. Depth of dissolution after 2 hours of corrosion against molten steel 
Sample (∆D) (mm) 
ZB 1.36 ± 0.13 
ZBS 0.83 ± 0.09 
 
 
As refractory corrosion progressed, the cup diameter increased in the 
region filled with steel due to dissolution and removal of refractory constituents.  
The diametral change for ZB was higher compared to ZBS, suggesting that 
presence of SiC(s) increased the corrosion resistance of the refractory.  
The chemical analysis of steel present in the cups after the corrosion test 
was performed using arc-spectroscopy.  Elemental composition of steel obtained 




Table 4. Elemental composition of steel in each cup after the corrosion test with 
Al: 0.002 – 0.004, P: 0.003, Mn: 0.05 – 0.07, Ni: 0.03, Cu: 0.01 – 0.02, Cr: 0.028, 
Mo: 0.007, Zr < 0.003 and Fe: balance (all values are in wt. %) 
 
Element Si (wt. %) C (wt. %) N (ppm) O (ppm) 
ZB 0.024 ± 0.003 0.085 ± 0.028  361 ± 34 32 ± 9 
ZBS 0.437 ± 0.024 0.083 ± 0.011 318 ± 9 41 ± 13 
 
 
Relative to the initial steel chemistry (Table 1), an increase in Si content 
was observed after the corrosion test for ZBS composite.  Additionally, the total 
nitrogen in steel also increased to nearly the saturation limit.  Nearly, all Al 
initially present in the steel oxidized during the experiment.   
   
3.2. Volatility Diagram Calculations  
Observed corrosion of these refractories has the following features:   
a) Formation of a transition layer partially depleted in refractory components that 
occurs while heating the refractory.  For ZB, BN(s) is depleted while for ZBS both 
BN(s) and SiC(s) are depleted. 
b) Direct solid (BN(s) and SiC(s)) dissolution of refractory components into the 
liquid steel  
c) Formation of porous ZrO2-layer without any liquid steel penetration, and  
d) Formation of transition layer that is partially depleted in SiC and/or BN that is 
separated from the molten steel by the porous ZrO2 layer   
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Corrosion of the refractory away from the molten steel could only occur 
through direct volatilization of refractory components or through gaseous 
reactions that yield volatile species.   
In an attempt to better understand the corrosion mechanism by gaseous 
reactions, volatility diagrams were employed.  These diagrams are used to help 
visualize the thermodynamic data in an effort to establish the vapor exchange 
mechanism.  Volatility diagrams were calculated using the “Equilib” module of 
FactSage for BN, ZrO2, SiC, and their combinations in a N2(g) environment with 
variable O2(g) potential.  These diagrams were calculated at a constant total 
pressure of 1.01x105 Pa (1 atm) for a range of temperatures (800-1600ºC).  All 
possible liquids, solids, and gaseous from the FactPS database were included for 
these calculations.  Only the predominant volatile species were plotted on the 
diagram.  The vapor pressures (in Pa) of other prominent volatile species have 
also been reported.  Lou et al.13 reported that weight loss due to evaporation in a 
high temperature experiment is only important if the vapor pressure of the 
evaporating species is greater than 10-3 Pa (10-8 atm) (Lou threshold).  So, only 
species with vapor pressure greater than 10-3 Pa are included for clarity.  
 
3.2.1. BN-ZrO2 Composite 
For the BN-ZrO2 system, volatility diagrams were calculated for BN-N2-O2, 
ZrO2-N2-O2, BN-ZrO2-N2-O2 and BN-ZrO2-Steel-N2-O2 systems.  Figure 4 shows 
the volatility diagram for the BN-ZrO2-N2-O2 system at 1600ºC.  In this figure only 
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the volatile species of boron are represented as these species were more 
prevalent than those for zirconium.  Also, the zirconium containing species were 
below Lou threshold. 
 
 
Figure 4. Volatility diagram for BN-ZrO2-N2-O2 system at 1600ºC 
 
 
The vapor pressures for all the predominant species (P ≥ 10-3 Pa) of boron 
and zirconium have been reported in Table 5.  Note that none of the species of 
zirconium had significant vapor pressure.  The volatility diagrams have been 
calculated for the variable oxygen partial pressure in the range 10-30 – 1 Pa (10-35 






Table 5. Vapor pressure (Pa) of the prominent volatile species for oxidation of 
BN-ZrO2 composite in N2 with equilibrium PO2 ~ 2.9x10-11 Pa for different 
temperatures (note that none of the species were prominent below 1400ºC) 
 
 1400°C 1600°C 
BO (g) 4x10-3 4x10-1 
B2O2 (g) 1x10-4 4x10-2 
B2O3 (g) 5x10-5 1x10-2 
 
 
The volatility diagram at temperature less than 1400ºC were of limited 
importance for this work, as the vapor pressures of species were too low to 
cause any appreciable refractory loss over the time period investigated.  At 
1400ºC and beyond, the vapor pressure of BO(g) and B2O3(g) in the system was 
significant (>10-3 Pa, 10-8 atm), as shown in Table 5 and could cause observable 
material loss.  For the period before this steel melts (~1535ºC), loss of BN was 
expected from the exposed refractory surfaces provided that some oxygen 
bearing species was present. 
At 1600°C, BN depletion would become more prominent as the vapor 
pressure of BO(g) is then high enough (~0.4 Pa, 4x10-6 atm) to be important for 
vapor transport; other gases including B2O2(g) (~4x10-2 Pa, 4x10-7 atm) and 
B2O3(g) (~1x10-2 Pa, 1x10-7 atm) also have significant vapor pressures at this 
temperature (Table 5).  Thus the chemical reactions for the formation of the 
transition layer would increase.  The diffusion of these volatile species through 
the pores would determine the rate of formation of the transition layer. 
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Once the steel melted, the vapor pressure of gases present would be 
impacted by steel itself.  The vapor pressure of predominant gases at 1600°C at 
the refractory-steel interface is reported in Table 6.  In contact with steel, B2O3(g) 
was the most volatile species.  The weight loss due to evaporation is even more 
significant as the partial pressures for the most volatile boron species i.e. BO(g), 
B2O2(g) and B2O3(g) increased by an order of magnitude relative to refractory-
atmosphere interfaces (Table 5).   
 
Table 6.  Vapor Pressure (Pa) of all the volatile species for oxidation of BN-ZrO2 





3.2.2. BN-ZrO2-SiC Composite 
For the BN-ZrO2-SiC system, volatility diagrams were calculated for SiC-
N2-O2, BN-SiC-N2-O2, ZrO2-SiC-N2-O2, BN-ZrO2-SiC-N2-O2 and BN-ZrO2-SiC-
Steel-N2-O2 systems.  Figure 5 shows the volatility diagram for the BN-ZrO2-SiC-
N2-O2 system at 1600ºC.   
   
B2O3 (g) B2O2 (g) BO (g) AlBO2 (g) BO2 (g) SiO (g) 




Figure 5. Volatility diagram for BN-ZrO2-SiC-N2-O2 system at 1600ºC 
 
 
The vapor pressure for all the predominant volatile species for 1400 and 
1600ºC have been reported in Table 7.  SiO(g) was the only significant species, 
however, oxides of boron are also shown for comparison.  Appreciable weight 
loss in this refractory system could occur above 1400ºC through the oxidation 
and volatilization of SiC(s) as SiO(g). The table shows that that at 1600ºC the 
pressure of SiO(g) is relatively high compared to boron-based gases.  This 






Table 7. Vapor pressure (Pa) of all the volatile species for oxidation of BN-ZrO2-
SiC composite in N2 with equilibrium PO2 ~ 2.5x10-16 Pa for different temperatures 
(note that none of the species were prominent below 1400ºC) 
 
 1400°C 1600°C 
BO (g) 4x10-8 4x10-6 
B2O2 (g) 1x10-9 4x10-7 
B2O3 (g) 5x10-10 1x10-7 
SiO (g) 4x10-4  2x10-2 
 
 
The vapor pressure of the predominant volatile species formed in the 
presence of steel are reported in Table 8.  In the presence of steel at 1600°C, the 
volatilization was increased for SiO(g) (~10 Pa, 10-4 atm), while appreciable 
evaporation of BN through volatile species such as BO(g) (~10-1 Pa, 10-6 atm), 
B2O2(g) (~10-2 Pa, 10-7 atm), B2O3 (g) (~10-2 Pa, 10-7 atm) and AlBO2 (g) (~10-1 
Pa, 10-6 atm) was also predicted.  This implies that BN depletion through 
gaseous reactions would be significant in the presence of liquid steel.  
 
Table 8. Vapor Pressure (Pa) of all the volatile species for oxidation of BN-ZrO2-
SiC composite in N2 with equilibrium PO2 ~ 2x10-11 Pa in steel at 1600ºC 
 
SiO (g) BO (g) AlBO2 (g) B2O2 (g) B2O3 (g) 





3.3. Corrosion Mechanism 
Thermodynamic calculations in the form of volatility diagrams can be 
helpful in defining a corrosion mechanism for these refractories in the presence 
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and absence of molten steel.  However, these diagrams are plotted as a function 
of oxygen partial pressure; so, to be useful one must first establish the PO2 range 
of interest.  
 
3.3.1. Establishment of Oxygen Partial Pressure 
During the experiment, industrial N2(g) (99.999% purity) was passed over 
BTS Catalyst followed by titanium at 600ºC to further purify the gas before 
entering the refractory-steel system.  The calculated equilibrium oxygen partial 
pressure of entering N2(g) gas was of the order of 10-27 Pa (10-32 atm). 
Based on the volatility diagrams (Figure 4 and Figure 5), at this partial 
pressure, ZrN(s) would be formed in the refractory.  Experimentally however, no 
ZrN(s) formation was observed, suggesting that oxygen partial was above this 
limit.  In the presence of ZrO2(s), the minimum oxygen partial pressure would be 
defined by following chemical reaction:  
𝑍𝑟𝑂2(𝑠) = 𝑍𝑟𝑂(𝑔) + 12𝑂2(𝑔)     (2) 
The minimum oxygen partial pressure at 1600ºC would therefore be on 
the order of 10-11 Pa (10-16 atm).  There was no substantial ZrO2(s) loss through 
above gaseous reaction, suggesting that oxygen potential would be above the 
limit defined by reduction of ZrO2(s).  The oxygen partial pressure for BN(s) to 
B2O3(l) transition  (𝐵𝑁 →  𝐵2𝑂3(𝑙))  was calculated to be ~ 5 x 10-8 Pa (5 x 10-13 
atm) (Figure 4).  But, to achieve this partial pressure, the incoming N2(g) should 
contain 0.1 mole fraction of O2(g).  This implies that B2O3(l) would only form in 
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presence of air.  Also, there was no evidence of B2O3(l) formation in refractory 
suggesting the oxygen partial pressure was lower than this limit.  Therefore, the 
range of oxygen partial pressure during this experiment is estimated to be 10-11 – 
10-8 Pa. 
In the presence of steel, the oxygen partial pressure at 1600ºC was of the 
order of 10-9 Pa (10-14 atm).  The oxygen partial pressure in the presence of steel 
cannot go above 10-8 Pa (10-13 atm) as at that PO2 a significant amount (~30 
volume %) of slag formation would occur which was not observed experimentally.  
Therefore, the oxygen partial pressure in the presence of steel was likely in the 
range of 10-9 – 10-8 Pa. 
There is potential for ingress of O2 in the experimental setup which can 
drive the PO2 higher than the above estimate.  However, when we consider 
significant PO2, the only impact is an increased PCO2 for refractory corrosion 
described in the next section.  Prior to steel melting, in the presence of high O2(g) 
potential, large degree of transition layer formation due to BN(s) and SiC(s) 
oxidation can occur.  
 
3.3.2. Corrosion Mechanism of BN-ZrO2 Composite 
According to the vapor pressure of volatile species of BN-ZrO2 (Table 5), 
no significant change occurs in the refractory system until the temperature 
reaches 1400ºC.  Above 1400ºC, volatilization of boron-nitride becomes 
significant.  At 1400ºC, BO(g), and at 1600ºC, BO(g), B2O2(g), and B2O3(g) were 
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prevalent.  The evaporation of these species would lead to the development of 
the observed transition layer partially depleted in BN (> 60 volume %) compared 
to unreacted refractory (~75 volume %).  A schematic of the corrosion process is 








As shown through the flow-chart in Figure 6, when steel melts it would 
come into contact with the remaining BN(s) at the surface.  This would lead to 
direct dissolution of solids (remaining BN) creating a gap between steel and 
interior BN.  Zirconia, being a stable oxide, doesn’t dissolve significantly in steel, 
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thus it would be the only refractory component in contact with steel.  Concurrent 
with the dissolution of BN, the vapor pressure of volatile species (BxOy) would 
increase at the steel/ZrO2/gas interface.  This would lead to transport of vapor 
species between the steel/ZrO2/gas and BN/ZrO2/gas interfaces.  The vapor 
exchange mechanism between these interfaces is shown in Figure 7.  
  
 
Figure 7. Vapor transport between Steel/ZrO2/Gas and BN/ZrO2/Gas interface 
(vapor pressure in Pa) 
 
 
As shown in Figure 7, B2O3(g) was the most volatile species at the 
steel/ZrO2/gas interface.  Whereas at the BN/ZrO2/gas interface inside the 
refractory (away from the steel), BO(g) would be the more volatile species.  The 
partial pressure of B2O3(g) (~ 2 Pa, 2x10-5 atm) was predicted to be two orders of 
magnitude higher at the steel/ZrO2/gas interface thus providing the driving force 
for B2O3(g) to migrate to the BN/ZrO2/gas interface.  This would subsequently 




𝐵2𝑂3(𝑔) + 𝐵𝑁(𝑠) = 3𝐵𝑂(𝑔) +  12𝑁2(𝑔)   (3) 
This BO(g) would then react with CO2(g), at the steel/ZrO2/gas interface to form 
B2O3(g) (reaction 4). 
2𝐵𝑂(𝑔) +  𝐶𝑂2(𝑔) =  𝐵2𝑂3(𝑔) + 𝐶𝑂(𝑔)   (4) 
Through reactions (3) and (4), a cyclic mechanism will establish involving the 
formation and consumption of BO(g).  This cyclic mechanism in addition to 
increased volatilization of boron-based gases would lead to consumption of 
BN(s) at refractory/steel interface and the formation of the observed porous ZrO2 
layer (Figure 3 (b)).  
Experimental evidence (Figure 3 and Table 3) showed that the dissolution 
depth was significantly larger compared to the porous layer.  Thus, it can be 
summarized that dissolution process was much faster compared to ZrO2-rich 
porous layer formation through gaseous transport.  
  
3.3.2. Corrosion Mechanism of BN-ZrO2-SiC Composite 
Similar to the BN-ZrO2 composite, a transition layer was observed in the 
BN-ZrO2-SiC composite during heating the refractory to 1600ºC (Figure 3 (c)).  
According to the vapor pressures of the volatile species (Table 7), SiO(g) (~2x10-
2 Pa, 2x10-7 atm) was the predominant species and the only one above the Lou 
threshold.  The observed transition layer (Figure 2) was partially depleted in SiC 
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and BN loss was not evident.  This supports the predictions based on the 
volatility diagram shown in Figure 5. 
In the presence of molten steel, the volatility of SiO(g) and boron-based 
gases (BO, B2O2 and B2O3) increases by dissolution of SiC and BN in the steel 
followed by reaction with dissolved oxygen.  The corrosion behavior of this 
refractory would be similar to the flow-chart shown in Figure 6, with the exception 
that SiO(g) would be more volatile than boron-based species. 
The CO(g)/CO2(g) in equilibrium with steel results in equilibrium oxygen 
partial pressure in range 10-11 – 10-9 Pa (10-16 – 10-14 atm).  At these oxygen 
partial pressures, all the prevalent volatile species have vapor pressures less 
than the Lou threshold (Figure 5) resulting in no significant material loss.  Thus, 
dissolution is required to achieve high volatilization.  In the refractory, a porous 
layer was observed devoid of SiC and BN with no evidence of complete steel 
penetration inside the porous layer.  The porous layer in the ZBS refractory could 
be formed due to gaseous transport.  A schematic of a proposed gaseous 





Figure 8. Vapor transport between Steel/ZrO2/Gas and BN/ZrO2/SiC/Gas 
interface (vapor pressure in Pa) 
 
 
In the steel the CO2(g)/CO(g) ratio was of the order of 10-5 which can 
result in following chemical reaction: 
𝑆𝑖𝐶(𝑠) + 2𝐶𝑂2(𝑔) = 𝑆𝑖𝑂(𝑔) + 3𝐶𝑂(𝑔)   (5) 
The SiO(g) increases dissolved Si and O in the steel (reaction (6)) that provides 
additional CO2(g) for reaction (5).   
𝑆𝑖𝑂(𝑔) =  [𝑆𝑖]𝑠𝑡𝑒𝑒𝑙 +  [𝑂]𝑠𝑡𝑒𝑒𝑙   (6) 
Through reactions (5) and (6), the loss of SiC will occur from the porous and 
transition layers shown in Figure 3 (d).  Once all the SiC(s) is removed from the 
porous layer, the CO2(g) can also oxidize BN(s) from this layer through following 
reaction: 
𝐵𝑁(𝑠) +  𝐶𝑂2(𝑔) = 𝐵𝑂(𝑔) + 𝐶𝑂(𝑔) + 12𝑁2(𝑔)  (7) 
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In both the refractories, after melting of the steel, the corrosion mechanism does 
not change, irrespective of O2(g) ingress in the system.  An initial gap that is 
partially depleted in BN(s) or SiC(s) forms either by oxidation or direct 
dissolution.  In either case, once the gap is formed, the vapor exchange 
mechanism will take place leading to corrosion of the refractory. 
 
4. CONCLUSIONS 
Corrosion behavior of BN-ZrO2 and BN-ZrO2-SiC was studied in contact 
with ultra-low-carbon steel.  The formation of gaseous species during the 
corrosion process in the N2(g) environment was evaluated using volatility 
diagrams at different temperatures.  The following conclusions can be drawn 
based on experimental results and thermodynamic analysis: 
• In the BN-ZrO2 composite, a partially depleted BN layer was formed upon 
heating the refractory above 1400ºC via the generation of BO(g).  At 
1600ºC, volatilization of BO(g), B2O2(g) and B2O3(g) exceeded the 10-3 Pa 
threshold creating a transition layer partially depleted in BN.   
• In the BN-ZrO2 composite, molten steel dissolves any solid BN it contacts.  
Dissolution of BN increases the vapor pressure of the volatile species 
which results in their removal and in formation of a porous ZrO2 layer.  
Zirconia in this layer is subsequently vulnerable to erosion due to the 
compromised matrix integrity.  
 
 135 
• The corrosion of BN-ZrO2 occurs mainly by gaseous transport involving a 
cyclic mechanism through formation and consumption of BO(g) at the 
refractory/gas and refractory/steel/gas interface, respectively.    
• In the BN-ZrO2-SiC composite, a partially depleted SiC layer was formed 
upon heating above 1400ºC through the generation of SiO(g).   
• In the BN-ZrO2-SiC composite, molten steel dissolves any solid SiC and 
BN it contacts.  Dissolution of BN and SiC increases vapor pressure of the 
volatile species with SiO(g) being the predominant species.   
• The corrosion of BN-ZrO2-SiC also occurs mainly by gaseous transport 
involving a cyclic mechanism through formation and consumption of 
SiO(g) at the refractory/gas and refractory/steel/gas interface, 
respectively.    
• In the BN-ZrO2-SiC composite, evaporation of BN takes place only after 
SiC has been depleted.  Thus, the presence of SiC protects this 
composite from material loss due to evaporation at temperature.  
• The extent of corrosion of these refractories depends on the partial 
pressure of oxygen in the system.  Having N2(g) atmosphere helps reduce 
the volatilization of BN.  
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Zirconia graphite refractory is used as a core-nozzle in the thin-strip 
casting of steel.  Post-mortem analysis of used refractory was performed in an 
effort to establish the failure mechanism.  Corrosion behavior was studied 
against molten steel with MnO-SiO2 based liquid inclusions.  Corrosion of these 
materials involves dissolution and oxidation of graphite in the matrix followed by 
penetration of liquid slag leading to degradation of ZrO2 particles.  
Thermodynamic equilibrium calculations were performed to study this corrosion 
mechanism.   
 
1. INTRODUCTION 
In thin-strip casting of steel, additional refractory components are required 
compared to traditional ladle and tundish refractories.  These refractory 
components, referred to as core-nozzles and side-dams, are used to deliver the 
molten steel to the rolls and contain it until solidification is complete.1,2  Details of 
thin-strip casting along with the location of these refractory components have 
been described by Mahapatra et al.3.  In this casting operation, liquid metal flows 
through the core-nozzle which rests between the casting rolls, immersed in the 
metal pool.4  
In general, graphite-containing materials (such as alumina-graphite, 
zirconia-graphite, spinel-graphite etc.) are used as the core-nozzle refractory.1  
Non-wettability against slag, high thermal conductivity (~20-25 W/m.K at 500°C) 
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and good thermal shock resistance make these refractories suitable for this 
application.5   
In practice, low alloyed Si-killed steel is used to cast strips of thickness 
less than 2 mm.4  This molten steel contains a wide range of inclusions 
containing MnO-SiO2 as major constituents as reported by Kumar et al.6-8.  
During plant trials, corroded zirconia-graphite (ZrO2-C) core-nozzles were 
obtained, through which molten steel containing inclusions continuously flow for 6 
to 8 hours.  Inclusions floating in liquid steel can reside at the surface of the melt 
pool and in contact with the core nozzle for hours providing ample time for 
corrosive activity.  During the operation, N2 (g) is continuously purged to provide 
an inert atmosphere.  
ZrO2-C material is widely used at the slag-line of the submerged entry 
nozzles (SEN) during continuous casting of steel.9  Several corrosion 
mechanisms of ZrO2-C material have been proposed involving the consumption 
of graphite in the matrix accompanied by degradation of ZrO2 grains.5,9  In 
addition, leaching of stabilizing agent (CaO) promotes the transformation of 
cubic-zirconia (c-ZrO2) to monoclinic (m-ZrO2).  The accompanying volume 
expansion (4 – 5 volume %) often leads to fracture of ZrO2 grains thereby further 
compromising the integrity of the refractory.10 
In the present work, post-mortem analysis of core-nozzle refractory was 
performed.  Samples from selected areas of the spent core-nozzle and 
microstructural studies (SEM-EDS) along with X-ray powder diffraction (XRD) 
were performed to further understanding the failure mechanism.  In addition, a 
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multi-layer thermodynamic model based on iterative calculations was used to 
study and corroborate the corrosion behavior.  
 
2. RESULTS AND DISCUSSION 
The chemistry of the carbon bonded zirconia-graphite refractory (ZrO2-C) 
is shown in Table 1.  Antioxidants in the form of silicon carbide or silicon are 
added to improve the oxidation resistance of these refractories.5  
 
 
Table 1. Chemical composition of non-reacted ZrO2-C refractory 
 
Components ZrO2 C SiC CaO 
wt.% 70-75 15-20 5 3 
 
 
The ZrO2-C microstructure consists of calcia stabilized zirconia roughly 
60:40 cubic to monoclinic by weight (~ 50-500 µm), graphite flakes (~ 10-300 
µm) and SiC antioxidant (~10-50 µm).  This material has apparent porosity of 









Figure 1. Scanning electron microscope images of the non-reacted ZrO2-C; 
where Z: c-ZrO2, C: carbon and A: antioxidant (SiC) 
 
 
Several ZrO2-C core-nozzles were investigated, each delivering 8 heats 
consisting of 120 tons each over a total period of 7 to 8 hours.  At any time in 
service, the core-nozzle refractory is submerged and filled up to certain height 
(~50 mm) of liquid metal in a N2 (g) environment.  
Low alloyed Si-killed steel of composition shown in Table 2 was used in 
the thin-strip casting containing MnO-SiO2 based inclusions.   
 
 
Table 2. Elemental composition of steel used in thin-strip casting process (Fe 
balance) 
 
Element C Si Mn P Cr Mo Ni Cu O N 




The average composition (of approximately ~10,000 inclusions) is shown in 
Table 3.  
 
 
Table 3. Average composition of inclusions in steel 
 
Components  CaO SiO2 MnO Al2O3 MgO 
(wt. %) 5-10 40-50 30-40 5-10 0-5 
 
 
The corroded microstructures of ZrO2-C refractory are shown in Figure 2.  
The extent of corrosion varied with distance from the surface in contact with 
steel.  The corroded microstructure can be divided into outer and inner layers 
(Figure 2 (a)).  The outer layer (Figure 2 (b)) which was directly in contact with 
molten steel was fully decarburized (C: 0 - 0.5 wt. %).  In this layer, fine ZrO2 
particles (≤ 20µm) were dispersed over the glassy oxide phase.  No graphite 
flakes were observed.  XRD analysis showed roughly 95:5 monoclinic to cubic by 
weight in the outer layer.  The inner layer (Figure 2 (c)) was partially 
decarburized (C: 5 - 8 wt. %).  In this layer, a mixture of coarse and fine ZrO2 
particles was observed along with glassy oxide phase.  XRD analysis showed 









Figure 2. Scanning electron microscope images of the reacted ZrO2-C refractory 
with  molten steel rich in MnO-SiO2 inclusions; (a) refractory interface with outer 
and inner layer, (b) outer layer having transformed fine ZrO2 particles, and (c) 
inner layer with penetration of liquid phase rich in Ca-Si-Al-O 
 
 
When ZrO2-C refractory comes into contact with molten steel having MnO-
SiO2 rich inclusions, the graphite matrix gets dissolved and oxidized which 
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increases the porosity from the initial 15 to approximately 42%.  This leaves 
space for liquid (steel with oxide inclusions) to penetrate and dissolve CaO 
stabilizing agent from the c-ZrO2 particles.  As a result, c-ZrO2 transforms to the 
tetragonal (t-ZrO2) at 1600°C which can further transform into m-ZrO2 at lower 
temperature (≤ 950°C) causing extensive cracking.  Transformation into m-ZrO2 
leading to extensive cracking in ZrO2 cannot be entirely the failure mechanism of 
ZrO2-C refractory, since at casting temperature (~1600°C) m-ZrO2 is not a stable 
phase regardless of the composition.  In the outer layer, large numbers of voids 
were observed due to the loss of carbon and other refractory constituents.  The 
penetration of liquid was not limited to the outer layer.  In the inner layer, the 
liquid glassy phase with dissolved CaO was also observed.  There was large 
percentage of partially transformed ZrO2 in the inner layer.  
Corrosion of ZrO2-C refractories has been explained to be caused by 
removal of carbon and leaching of the CaO stabilizer.10  However, ZrO2 can also 
be removed, via dissolution of ZrO2 grains into the penetrating slag forming a low 
melting liquid film of Ca-Si-Al-Mg-O around these grains as can be seen in the 






















A shown in Figure 3, there was dissolution and degradation of ZrO2 
particle in contact with the glassy phase.  Similar dissolution phenomenon was 
widely investigated by several authors.5,9,11  Dick et al.9 reported that additives 
such as silicon metal and internal fluxes react with ZrO2 and lead to breakup of 
ZrO2 particles by forming low melting point grain boundary films.  In addition, 
eliminating additives (such as Si) improved the resistance of the ZrO2 phase but 
accelerated attack of the carbon bond.  Colin et al.12 studied the decalcification of 
c-ZrO2 by silica and other oxides and established that Si/SiO2 were more active 
in removing CaO from c-ZrO2 and forming a calcium-silicate phase around the 
ZrO2 particle leading to enhanced dissolution.  
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In the current analysis, inclusions in molten steel are rich in SiO2 (Table 3) 
and there is also possibility of some SiO2 formation due to interaction of SiC with 
oxygen (from impurities in N2 (g) and oxides such as MnO).  Zirconia degradation 
was associated with penetration of SiO2-rich inclusions leading to the dissolution 
of CaO from c-ZrO2 and enrichment of slag with CaO.   The extent of CaO 
dissolution from c-ZrO2 into the slag depends on CaO activity in slag, which will 
be more for slags with relatively low basicity (SiO2-rich slags).13  
Previously, several methodologies have been used to study the 
thermodynamics of corrosion behavior of refractory against steel/slag.14,15  In the 
present work, a modeling approach based on iterative calculations was applied 





Figure 4. Illustration of the thermodynamic model showing steel with inclusions 





As shown in Figure 4, the refractory volume was divided into layers (~0.5 
mm thickness) and equilibrium calculations were performed at each of these 
layers at any time step.   The steel continuously flows in contact with the exposed 
refractory layer (L1).  The inclusions in the steel accumulate at the steel-
refractory interface and infiltrates into the refractory.  Amount of infiltration is 
dependent upon the existing porosity at any time; this was assumed to be the 
sum of the apparent porosity in the original material and the porosity created due 
to local decarburization.  Slag at each layer accumulates, undergoes chemical 
reactions and at the same time is transported to the adjacent layer depending on 
the volume of the slag in the current layer and the porosity in the subsequent 
layer.  Each layer was allowed to fill with slag based on the penetrable volume 
available.  The gases evolved at the steel-refractory interface were allowed to 
diffuse through the slag to react with the internal layers (L2, L3 etc.).  At each 
time step, the slag and refractory composition of each layer was predicted as per 
thermodynamic equilibrium. 
Equilibrium calculations were performed at 1600°C using the 
thermodynamic software FactSage 6.416.  The databases used in this study 
were: FSstel (compound and solution database for steel), Fact-PS (gas species, 
solid, and liquid compound database), and FToxid (compounds and solutions for 
oxides database).  Figure 5 shows the results of the thermodynamic calculations 
at 1600°C for an intermediate time (before the infiltrated slag reached the final 
layer).  As shown in Figure 5 (a), c-ZrO2 transforms to t-ZrO2 due to loss of CaO 
stabilizing agent to the infiltrated slag.  Experimental findings showed 100% m-
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ZrO2 in these layers because the samples were analyzed after the refractory had 
cooled to room temperature.  In service this calcia depleted m-ZrO2 would have 
been t-ZrO2.  There is loss of some ZrO2 (< 5%) to the slag phase due to 
dissolution.  Also, at the surface some ZrO2 is washed away with steel.  For the 
interior layers, a mixture of c-ZrO2 and t-ZrO2 was predicted due to partial 
transformation of stabilized ZrO2 as a result of infiltrated slag present in the layer 
at any given time. 
 
   
 
(a) 
Figure 5. Thermodynamic model showing (a) refractory component weights and 







Figure 5. Thermodynamic model showing (a) refractory component weights and 




In the slag phase (Figure 5 (b)), easily reducible oxides (MnO, and FeO) 
can react with graphite to form CO (g) thereby generating additional porosity. In 
the present system, MnO is the major constituent oxidizing the graphite in the 




This reaction will be controlled by the activity of MnO in the slag as the 
partial pressure of Mn (g) (0.023 atm) and CO (g) (0.93 atm) are fixed inside the 
refractory.  Thermodynamic calculations showed that there is a minimum activity 
of MnO (0.036) in the slag required for oxidation of carbon through chemical 
reaction (1).  Inclusions accumulating at the refractory surface have MnO activity 
of 0.05 which is sufficient to decarburize the first layer.  The reacted slag enters 
the next layer and depending on the MnO activity can oxidize the carbon present.  
Once all the carbon in a layer is consumed, the slag in the next layers starts 
getting enriched with MnO.  As seen in Figure 5 (a), decarburization has not 
started in layer L4 onwards because of MnO activity being less than the 
threshold. 
Further, in initial layers (L2, L3, and L4), thermodynamic calculation 
showed formation of SiC which might take place through following chemical 
reactions, (𝑆𝑖𝑂2)(𝑠𝑙𝑎𝑔) + 𝐶(𝑠) = 𝑆𝑖𝑂(𝑔) + 𝐶𝑂(𝑔)    (2) (𝑆𝑖𝑂)(𝑔) + 2𝐶(𝑠) = 𝑆𝑖𝐶(𝑠) + 𝐶𝑂(𝑔)    (3) 
 
As the partial pressures of SiO(g) and CO(g) are fixed inside the 
refractory, SiO2 activity will govern these reactions similar to MnO in the previous 
case.  However, there was no experimental evidence of SiC formation in the 
refractory.   
At low slag concentration (during initial infiltration of layers L6-L8), CaO 
from the refractory enters the slag phase forming a high CaO-SiO2-Al2O3 based 
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Post-mortem investigation of spent ZrO2-C core-nozzle refractory was 
performed in an effort to understand the wear behavior against molten steel with 
MnO-SiO2 rich inclusions. Thermodynamic calculations were performed to model 
the corrosion process using a multilayered model. The following conclusions can 
be drawn based on the findings: 
• Graphite matrix in contact with molten steel can directly dissolve or oxidize 
from inclusion constituents (such as MnO, FeO etc.).  The formation of a 
porous decarburized layer in the refractory accelerates the corrosion 
process through infiltration of molten steel containing inclusions.  
• The degradation of ZrO2 grains is associated with dissolution of the CaO 
dopant and subsequent Ca-enrichment and formation of a low-melting-
point liquid film around the particle. 
• SiO2-rich slags have higher capacity to dissolve CaO from c-ZrO2 causing 
degradation of the ZrO2 particles. 
• The multilayered thermodynamic model provides the possible sequence of 
reactions occurring in the refractory.  This is a very basic model which 
predicts the threshold MnO content required in the slag for decarburization 
in the refractory.  Addition of kinetic parameters for slag penetration and 
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 The present work investigated corrosion behaviors of BN-based refractory, 
used as a side-dam, and ZrO2-C refractory, used as a core-nozzle in the thin-
strip casting of steel.  These refractory components are used to deliver the 
molten steel to the rolls and contain it until the solidification process is completed.  
The understanding of the corrosion mechanisms of these refractories can be 
used for the improvement and development of these refractory components 
which will increase their service life and in turn increase the productivity of thin-
strip casting. 
 Corrosion resistance of BN-ZrO2-SiC ceramics was determined against 
synthetic slags of composition equivalent to inclusions in Si-killed steel in an 
argon environment.  It was determined that corrosion of this refractory occurred 
through oxidation of SiC(s) followed by dissolution and/or removal of other 
refractory components in contact with steel/slag. The corrosion was more severe 
for refractory in contact with steel compared to slag.  Also, corrosion kinetics of 
this refractory was studied against liquid steel in a nitrogen environment.  It was 
established that non-oxide components, i.e. BN and SiC, dissociated and 
dissolved in steel, while, ZrO2 particles were removed due to loss of the matrix 
structure.  Also, dissolution of BN was suppressed in nitrogen gas environment 
compared to argon.   
 Further, a comparative study was conducted to study the corrosion 
mechanism of BN-ZrO2 and BN-ZrO2-SiC by molten steel in nitrogen 
environment.  Corrosion mechanism involved a cyclic process which begins with 
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formation of partially depleted BN and/or SiC layer followed by direct dissolution 
of solids.  This dissolution increases the transport of vapour species across 
steel/refractory interface which lead to formation of porous ZrO2-layer and a 
partially depleted BN and SiC layer beneath.  The presence of SiC in the ceramic 
improved the corrosion resistance.   
 In addition, post-mortem investigation of used ZrO2-C core-nozzle 
refractory was performed in an effort to understand the wear behavior against 
molten steel with MnO-SiO2 rich inclusions.  Graphite matrix in contact with 
molten steel can directly dissolve or oxidize from inclusion constituents (such as 
MnO, FeO etc.).  The formation of a porous decarburized layer in the refractory 
accelerates the corrosion process through infiltration of molten steel containing 
inclusions. The degradation of ZrO2 grains is associated with dissolution of the 
CaO dopant and subsequent Ca-enrichment and formation of a low-melting-point 





3. PROPOSED FUTURE WORK 
 
Time-temperature corrosion kinetics of BN-ZrO2 and BN-ZrO2-SiC ceramics 
with molten steel: Previous experiments by authors were performed at constant 
temperature (~1600°C).  The values of linear and parabolic rate constants were 
used from literature.  Certain discrepancies have been observed in author’s 
experimental values and kinetic model predictions.  Experiments can be 
conducted for a range of temperature and time to determine the rate constant 
parameters using Arrhenius equation.  The activation energy of this process can 
also be determined using the same experiment. 
 
Novel stabilization of zirconia for steelmaking: Zirconia-graphite refractories 
are exposed to chemical (i.e., corrosion) and mechanical (i.e., erosion, abrasion 
and spalling) wear during service.  Leaching of the stabilizing agent of zirconia is 
one of the main causes of the failure of these refractories. Zirconia-graphite 
refractories can be prepared having different stabilizing agent, i.e., CaO, MgO, 
Y2O3 and MnO. Corrosion of these refractories can be studied against different 
steel and slag composition using isothermal corrosion tests.  Thermodynamic 
modeling of steel/slag attack on zirconia-graphite refractories can be performed 
using FactSage.  
 
Development of Spinel-C core-nozzle for application in thin-strip casting: 
Spinel-C refractory is commonly used core-nozzle material.  Currently used 
spinel-C refractory in the industry contains fused-spinel (~70 wt. %), graphite 
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(~20 wt. %), anti-oxidant (Si, ~5 wt. %) and impurities.  Apparent porosity in this 
material is up to 20%.  Corrosion resistance of these refractories is the major 
concern in their application.  To overcome the problem associated with spinel-C 
refractory, new improved refractory compositions are proposed containing some 
percentage of free Al2O3 and MgO apart from fused-spinel.  During the operation 
(~1600°C), Al2O3 and MgO can combine to form in situ-spinel. Usually, formation 
of a spinel (MgAl2O4) from Al2O3 and MgO leads to increase in volume by 29%.   
So, these in situ-spinel will help in reducing the apparent porosity in the refractory 
material which in turn might improve the corrosion resistance.  In addition, 
change in the antioxidant can also be made to improve the life of core-nozzles.  
Corrosion resistance spinel-C core-nozzle with in-situ spinel and different 
























Figure 1. Volatility diagram for the BN-ZrO2-N2-O2 system at 800ºC (partial 














Table 1. Vapor pressure (Pa) of all the volatile species for oxidation of BN-ZrO2 
composite in N2 with variable O2 (Partial pressure 10-13-10-35) for different 
temperatures at 1.01x105 Pa 
 
 800°C 1000°C 1200°C 1400°C 1600°C 
B (g) 9E-23 1E-16 4E-12 1E-08 5E-06 
B2 (g) 2E-41 3E-31 8E-24 3E-18 7E-14 
BN (g) 9E-21 3E-15 3E-11 3E-08 9E-06 
BO (g) 9E-14 4E-09 1E-05 4E-03 4E-01 
B2O (g) 3E-25 6E-18 1E-12 1E-08 1E-05 
BO2 (g) 4E-19 9E-14 6E-10 5E-07 1E-04 
B2O2 (g) 5E-18 4E-12 7E-08 1E-04 4E-02 
B2O3 (g) 4E-18 2E-12 4E-08 5E-05 1E-02 
Zr (g) 7E-31 2E-23 4E-18 5E-14 8E-11 
ZrN (g) 2E-38 3E-30 2E-24 7E-20 2E-16 
ZrO (g) 2E-22 1E-16 3E-12 5E-09 2E-06 
ZrO2 (g) 6E-24 7E-18 2E-13 4E-10 1E-07 
 
 
Table 2. Vapor Pressure (Pa) of all the volatile species for oxidation of BN-ZrO2 
composite in N2 with variable O2 (Partial pressure 10-7-10-35) with steel at 1600ºC 
and 1.01x105 Pa 
 
B (g) B2 (g) BC (g) BN (g) BO (g) B2O (g) 
5E-06 7E-14 2E-15 8E-06 2E+00 7E-05 
BO2 (g) B2O2 (g) B2O3 (g) AlBO2 (g)   3E-03 1E+00 2E+00 3E-01   
Si (g) Si2 (g) Si3 (g) SiC (g) SiC2 (g) Si2C (g) 
5E-07 5E-15 1E-21 1E-16 5E-17 1E-17 
SiN (g) Si2N (g) SiO (g) SiO2 (g)   




Figure 3. Volatility diagram for BN-ZrO2-SiC-N2-O2 system at 800ºC (partial 





Figure 4. Volatility diagram for BN-ZrO2-SiC-N2-O2 system at 1200ºC (partial 











Table 3.  Vapor pressure (Pa) of all the volatile species for oxidation of BN-ZrO2-
SiC composite in N2 with variable O2 (Partial pressure 10-13-10-35) for different 
temperatures at 1.01x105 Pa 
 
 800°C 1000°C 1200°C 1400°C 1600°C 
B (g) 9E-28 1E-21 4E-17 1E-13 6E-11 
B2 (g) 2E-46 3E-36 8E-29 3E-23 9E-19 
BC (g) 2E-38 4E-30 4E-24 1E-19 1E-16 
BN (g) 8E-26 3E-20 3E-16 3E-13 8E-11 
BO (g) 9E-19 4E-14 1E-10 4E-08 4E-06 
B2O (g) 3E-30 6E-23 1E-17 1E-13 2E-10 
BO2 (g) 4E-24 9E-19 6E-15 5E-12 9E-10 
B2O2 (g) 5E-23 4E-17 7E-13 1E-09 4E-07 
B2O3 (g) 4E-23 2E-17 4E-13 5E-10 1E-07 
Si (g) 6E-21 1E-15 7E-12 6E-09 1E-06 
Si2 (g) 4E-31 5E-23 4E-17 1E-12 3E-09 
Si3 (g) 3E-38 5E-28 1E-20 6E-15 2E-10 
SiC (g) 4E-32 1E-24 2E-19 3E-15 1E-12 
SiC2 (g) 3E-26 1E-19 1E-14 4E-11 2E-09 
Si2C (g) 9E-29 7E-21 3E-15 7E-11 4E-08 
SiN (g) 9E-20 4E-15 1E-11 4E-09 4E-07 
Si2N (g) 5E-26 3E-19 2E-14 9E-11 7E-08 
SiO (g) 8E-13 6E-09 3E-06 4E-04 2E-02 
SiO2 (g) 2E-22 2E-17 1E-13 6E-11 9E-09 
Zr (g) 7E-36 2E-28 4E-23 6E-19 9E-16 
ZrN (g) 2E-43 3E-35 2E-29 7E-25 2E-21 
ZrO (g) 1E-27 1E-21 3E-17 5E-14 2E-11 
ZrO2 (g) 5E-29 7E-23 2E-18 4E-15 1E-12 
 
Table 4.  Vapor Pressure (Pa) of all the volatile species for oxidation of BN-ZrO2-
SiC composite in N2 with variable O2 (Partial pressure 10-7-10-35) with steel at 
1600ºC and 1.01x105 Pa 
 
B (g) B2 (g) BC (g) BN (g) BO (g) B2O (g) 
7E-06 1E-13 3E-11 8E-06 4E-01 2E-05 
BO2 (g) B2O2 (g) B2O3 (g) AlBO2 (g)   9E-05 5E-02 1E-02 1E-01   Si (g) Si2 (g) Si3 (g) SiC (g) SiC2 (g) Si2C (g) 
6E-02 1E-04 3E-06 2E-07 6E-04 3E-03 
SiN (g) Si2N (g) SiO (g) SiO2 (g)   
2E-02 2E-03 9E+02 4E-04   

































Figure 1. Microstructure of steel present in the corrosion cup test 
 
 
Figure 2. Microstructure of ZrO2-C at steel/refractory interface showing the 
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